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ABSTRACT 
The use of Z-ligands to modulate the electronic property of transition metal 
centers is a powerful strategy in catalyst design. Our group has shown that antimony-
based ambiphilic ligand, accept electron density from adjacent metal centers by the σ* 
orbital of the antimony (V) center and thus increasing the electrophilic reactivity of the 
trancition metal center.  In this thesis, we were eager to determine if the charge of the Z-
type ligand can be used to further enhance this effect.  To this end, we synthesized a 
dicationic gold complex [46]2+ ([(o‐(Ph2P)C6H4)2(o‐Ph2PO)C6H4)SbAuCl]2+) featuring a 
dicationic antimony (V) ligand with a phosphine oxide arm coordinating to the antimony 
center.  Both experimental and computational results show that the gold complex possess 
a strong Au→Sb interaction reinforced by the dicationic character of the antimony 
center. The gold‐bound chloride anion of this complex is rather inert and necessitates the 
addition of excess AgNTf2 to undergo activation. The activated complex, referred to as 
[47]2+ ([((o‐(Ph2P)C6H4)2(o‐Ph2PO)C6H4)SbAuNTf2]2+) readily catalyzes both the
polymerization and the hydroamination of styrene. This atypical reactivity underscores 
the strong σ‐accepting properties of the dicationic antimony ligand and its activating 
impact on the gold center. 
Building on these original results, we have chosen to investigate antimony-
substituted 2,2′-bipyridine (bipy) ligands in order to determine if the redox activity of the 
peripheral antimony center could be used to influence the reactivity of a transition metal 
coordinated to the bipy ligand. To this end, we synthesized 4-diphenylstibino-2,2′-
ii 
bipyridine (54), which could be obtained by reaction of 4-lithio-2,2′-bipyridine with 
Ph2SbCl. The ligand 54 was treated with Pt(CH3CN)2Cl2 to afford the platinum complex 
55. Interestingly, the latter reacts with PhICl2 to afford 56, a complex in which the
peripheral stibine moiety has been converted into a dichlorostiborane. Complexes 55 and 
56 have both been fully characterized. Computational, UV–vis, and cyclic voltammetry 
studies show that oxidation of the antimony atom leads to a lowering of the bipy-centered 
LUMO, indicating that 56 is more electron deficient than 55. A congruent picture 
emerges from reactivity studies, which show that 56 is a more active catalyst for the 
hydroarylation of ethyl propiolate by mesitylene. 
A similar concept was also applied to cyclometalated iridium(III) complexes. 
Reaction of 4-(diphenylstibino)-2,2′-bipyridine (54) with [(ppy)2Ir(-Cl)]2 afforded the 
corresponding tris-chelate iridium complex [(ppy)2Ir(54) ]+ ([64]+) which was isolated as 
a hexafluorophosphate salt ([64][PF6]).  Reaction of [64][PF6] with excess PhICl2 in 
DMSO induced the conversion of the diphenylantimony moiety of [65]+ into an anionic 
diphenyltrichloroantimonate leading to a zwitterionic complex referred to as 65-Cl. 
Complexes [64][PF6] and 65-Cl have been characterized by NMR and the structure of 65-
Cl confirmed using X-ray diffraction.  DFT calculations and electrochemical 
measurments show that the electron-rich diphenyltrichloroantimonate moiety in 65-Cl 
cathodically shifts the Ir(III/IV) redox couple.  Luminescence measurements also show 
that 65-Cl is less emissive than [64]+. 
iii 
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NOMENCLATURE 
Bipy bipyridine 
COD Cyclooctadiene 
COE Cyclooctene 
DCM Dichloromethane 
DFT Density functional theory 
DMAP 4-Dimethylformamide
DMSO Dimethyl sulfoxide 
ESI Electron spray ionization 
GC Gas chromatography 
HOMO Highest occupied molecular orbital 
LUMO Lowest unoccupied molecular orbital 
MeCN Acetonitrile 
MLCT Metal-to-ligand charge transfer 
MS Mass spectrometry 
NBO Naturel bond orbital 
NFSI N-fluorobenzenesulfonimide
NLMO Natural localized molecular orbital 
NMR Nuclear magnetic resonance 
NTO Naturel transition orbital 
Phen phenanthroline 
viii 
Phpy 2-phenylpyridine
TBAT Tetra-n-butylammonium triphenyldifluorosilicate 
TBAF Tetra-n-butylammonium fluoride 
TD-DFT Time-dependent density functional theory 
TFA Trifluoroacetic acid 
THF Tetrahydrofuran 
tht Tetrahydrothiophene 
TN Transition metal 
XRD X-ray diffraction
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CHAPTER I  
INTRODUCTION TO THE CHEMISTRY OF ANTIMONY SPECIES AND THEIR 
APPLICATIONS 
1.1 Coordination chemistry of main group Lewis acids 
1.1.1 Main group element as a Lewis acid 
Lewis acidity is a term used to describe a molecule’s ability to accept electron 
density from a Lewis base.1 Upon accepting this electron densities, the adduct formed 
may be described as possessing a dative bond, and additional thermodynamic 
stabilization is observed.2  A typical main group Lewis acid is B(C6F5)3, which can serve 
as an electrophilic catalyst in organic synthesis3-6 and as an activator for polymerization 
catalysts.7-9  The acidity of these group 13 Lewis acids results from their empty p orbital 
and unsaturated coordinated center.10 On the other hand, group 15 compounds have their 
inherent Lewis acidity resulting from their ability to form hypervalent compounds. For 
example, electrophilic phosphonium(V) cations are able to activate various organic 
reactions, such as hydroformylation11 and the cyanosilylation of aldehydes.12 Antimony 
(V) compounds are renowned for their strong Lewis acidity. For example, magic acid, a
mixture of fluorosulfuric acid (HSO3F) and pentafluoroantimony (SbF5), shows a pKa of 
-20 which is 1010 stronger than HSO3F alone. Additionally, experimental work by
Gutmann has shown that SbCl5 has a higher chloride affinity than BCl3.13  The Krossing 
group was able to draw similar conclusions computationally, finding that the gas phase 
fluoride ion affinity (FIA) of SbF5 is higher than that of BF3 by about 150 kJ/mol (489 
1 
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kJ/mol versus 338kJ/mol).14 Despite the incredible acidity displayed within these 
antimony-based inorganic molecules, their use has remained scared. Often the 
hygroscopic and corrosive nature of antimony species, such as SbF5 deters prospective 
users from employing antimony halides in their synthetic endeavors, fearing they may 
produce HF. Since B(C6F5)3 has enhanced stability in comparison to BF3 while 
maintaining a comparable Lewis acidity,15 our group formulated the idea of installing 
organic substituents to tame the high reactive antimony species.  For example, triaryl-
catecholate-stiboranes show a high tolerance toward water, while maintaining their 
ability to form adducts with Lewis bases, such as fluorides16 and phosphine oxides.17 
Different from the group 13 compounds, the Lewis acidity of antimony-based 
compounds originates from their low-energy * orbital (Figure 1).18-21 The large size of 
the atom and the high coordination numbers it can achieve are other positive factors 
contributing to the high Lewis acidity of antimony. 
Figure 1. Illustration of empty p orbitals in boranes and * orbitals in stiboranes. 
In addition to hypervalent Sb(V) species, Gutmann has shown that SbCl3 is 
capable of forming an adduct with Et3PO as the base and provided the trend in Lewis 
acidity for various inorganic chlorides:13  
SbCl5 > SnCl4 > ZnCl2 > SbCl3 > PCl5 
3 
Interestingly, SbCl3 is even more acidic than PCl5. It probably illustrated the importance 
of the stability in the conjugated bases, which the acidity of the P(V) might be attenuated 
due to high steric hindrance in the resulting species with high coordination number. 
Organic antimony (III) chloride derivatives have also been explored as in 
compounds 1, 2 and 3 (Figure 2).22-25 The retention of Lewis acidic property was 
established by the presence of a strong dative bond formation via a nitrogen-containing 
donor. Moreover, the increasing number of halogen ligands on the antimony center 
enhances the Lewis acidity of the antimony (III) species. Perhaps most importantly, 
however, is the accessible two-electron oxidation of antimony to increase the Lewis 
acidity by generating associated hypervalent antimony (V) species, such as a neutral 
stiborane or cationic stibonium.  
Figure 2. Antimony(III) compounds containing Lewis acid-base adducts. 
1.1.2 Group13 element-based Z-type ligands 
The Lewis acidity of the main-group elements has triggered a new evolution of 
Z-type ligands.26-28 Different form traditional anionic X-type or neutral L-type ligands,29
which donate electrons toward transition metal centers, Z-type ligands accept an electron 
pair from a metal center into the main group moiety (Figure 3). These donor – acceptor 
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interactions, which have -character, originate from donation from the filled d-orbitals 
of a metal center to an empty orbital within the main group center and simultaneously 
stabilize the vacant p orbital of the metal.30-33  The net effect of this stabilization results 
is an enhanced Lewis acidity of the transition metal.   
Figure 3. Orbital illustration of  bond between metal and X-, L- or Z-type ligands. 
The existence of a  bond between a transition metal and a main group Lewis 
acid has been established for three main types of electron rich fragments: (a) M(CO)x, 
M34 = Cr, Mo, W, Co,35 and Fe36 ; (b) half-sandwich complexes of Fe,36 , Ru37, Ir38 and 
Rh,39 and (c) Pt(PCy3)2 complex which are shown in Figure 4.40-42 The Lewis acid 
involved in these structures are all traditional moieties such as AlCl3, AlPh3, GaCl3 and 
SO2 serving to stabilize the metal complexes. A limit of this approach comes from the 
fact that the Lewis acid may abstract or interact with the ligands rather than the metal 
center. 
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Figure 4. Selected examples of transition metal complexes featuring Z-type ligands. 
Over the past 40 years, Z-type ligands have been developed into ambiphilic 
ligands, which combine L-type and Z-type ligand characteristics.28  The former is 
employed to coordinate to the metal center and bring it close to the Z-type ligand. The 
rigidness in the structure of the ambiphilic ligand also prevents the interaction between 
the Lewis acidic center and other L type ligands. The first transition metal complexes of 
this type featured boron as Lewis acid as in the case of complex 4 which was prepared 
by Hill (Figure 5a).43 The short distance (2.161(5) Å) between ruthenium and boron 
suggests the existence of a Ru→B interaction. This pioneering work initiated further 
efforts in the coordination chemistry of boron-based Z-type ligands. The Bourissou and 
Ozerov groups both investigated ambiphilic phosphine‒borane ligands, and the 
corresponding complexes formed with group 9, 10, and 11 transition metals. (Figure 
5b).44-48 The supported phosphine ligands coordinate to the metal, bringing the Lewis 
acid close enough to interact with the metal center. The presence of a TM→B interaction 
is characterized by the short distance between the metal and the boron center. Another 
method to investigate the nature of the TM→B interaction is Natural Bond Orbital 
(NBO) analysis, which can provide insights about the donor-acceptor characteristic and 
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the strength of the dative bond. The TM→B bond reduces the electron density on the 
metal center, which would lead to increased electrophilicity and a change in the 
geometry at the metal center. Perhaps the most exciting aspect about these Z-ligands 
complexes is their applications within catalysis. 
Figure 5. (a) First example of transition metal complex featuring the ambiphilic boron Z-
ligand. (b) Examples of ambiphilic ligands featuring boron. 
1.2 Antimony-based Z-type ligands for transition metals 
Boron-based Z-type ligands have been categorized as -acceptors that increase 
the electrophilicity of a metal center. Inspired by this idea and the fact that antimony 
molecule displays strong Lewis acidity, we became eager to use an antimony atom as the 
Lewis acidic center of ambiphilic ligands. 
1.2.1 Cationic antimony-based ambiphilic ligands for transition metals 
Our exploration into the coordination chemistry of ambiphilic antimony ligands 
started with complexes featuring the 1,8-naphthalenediyl backbone 5 and [6][PF6] 
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(Figure 6). These complexes feature an antimony (V) moiety and a mercury (5)60 or gold 
metal center ([6]+).61 Both complexes show a donor-acceptor interaction between the 
metal and the antimony center. The Au‒Sb distance (avg. 2.7616(8) Å) is shorter than 
the Hg‒Sb distance (3.0601(7) Å) indicating that the gold(I) center is more the 
metallobasic than Hg(II) center. The combination of a highly Lewis acidic stibonium and 
an electron-rich late transition metal center lead to an electrophilic d-block metal center. 
The enhancement of Lewis acidity of the mercury center is reflected by its ability to bind 
halides (Cl-, Br-, I-), N, N-dimethylaminopyridine (DMAP) and tetrahydrofuran (THF), 
while the diphenyl mercury (HgPh2) does not show this Lewis acidic property (Figure 
7a).  These results show that Lewis acidic antimony center make the coordinated d-block 
metal center more electrophilic for anions. 
Figure 6. Synthesis of 5 and [6][PF6] 
The cationic antimony ligand, stabilized by donation for the metal, still presents 
Lewis acidity toward fluoride (Figure 7b). The antimony center in both complexes is 
able to bind fluoride, which suggest that the fluoride affinity of antimony is remains 
high.   
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Figure 7. (a) Coordination chemistry at the mercury center in [6]+. (b) The reaction of 5 
and [6]+ with F-. 
1.2.2 Antimony(III)-based ambiphilic ligands for Z-type ligands 
Lewis acidic antimony (III) moieties have also been employed in Z-type ligands. 
Bis(phosphinyl)stibine ligands 7-Ph and 7-Cl were successfully coordinated to the gold 
to afford complexes 8 and 9 (Figure 8).49  Although 8 and 9 are structurally similar, the 
nature of the interaction between Sb and Au are demonstrated to be different based on 
structural and computational analysis. The Sb‒Au‒Cl angle in 9 (141.73(4)°) shows 
greater linearity than that in 8 (115.09(2)°). These results suggest that the chlorostibine 
ligand serves as a Z-type ligand and make the coordination sphere on the gold center 
change. The second indicator is the computational results from NBO analysis. The 
donor-acceptor interaction in the Sb‒Au in complex 9 has been assigned as a 
lp(Au)→*(Sb-Cl) interaction, while complex 8 shows both a lp(Sb)→p(Au) and a 
lp(Au)→*(Sb‒CPh) interaction. This computational data suggests that the chlorostibine 
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moiety can be employed as a pure Z-type ligand, while the situation is more ambiguous 
in the case of the phenylstibine ligand.   
Figure 8. Synthesis of 8 and 9. 
1.2.3 Coordination sphere of the main group element acting as a Z-type ligand 
Antimony Z-type ligands retain Lewis acidity and are capable of anion binding, 
despite the coordination of the metallobase.50-59  The change in the coordination sphere 
of the antimony center results in an alternation of the M→Z characteristic, which has 
been termed as coordination non-innocence.60 For example, the complex [10]+ or [11]+ 
(Figure 9), which is the isolobal to the anion-binding stibonium species A, has been 
transformed to the corresponding fluoride-coordinated complex.50   
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Figure 9. Isolobal relationship between [R3SbX]+ and [(R3Sb)Pd]+ (Left). Synthesis of 
[10][BPh4], [11][BPh4], and their fluoride adducts (Right). 
The M→Z ligand interaction has been investigated experimentally and 
computationally for a series of platinum complexes [12]2+, [13]+ and 14 where the 
coordination sphere gets varied by the fluoride coordination (Figure 10).55-57 The 
progressive coordination of fluoride to the antimony center leads to an increment of the 
Sb‒Pt bond distance, indicating a weaker Sb‒Pt interaction upon fluoride binding. This 
phenomenon is supported by NLMO calculations, which suggest the bonding pair is 
closer to the platinum after the coordination of fluoride anions, meaning a higher degree 
of polarization of the bonding pair toward platinum. Overall, the coordination 
noninnocence of the Sb‒M complexes was demonstrated with fluoride anion binding and 
its ability to modulate the polarization of the M‒Sb bond.  
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Figure 10. Structures of complexes [12]2+, [13]+ and 14 (top). Comparison of Sb‒Pt bond 
distance and NLMO calculation among these complexes (bottom). 
Through Z-type ligand coordination, the electronic nature of the transition metal 
center should be affected. Due to the high correlation between electrophilicity and 
reactivity, the M→Z interaction can be used to control the catalytic properties of the 
metal center.  
1.2.4 Redox chemistry of antimony-transition metal complexes 
The gold complex 15 can undergo a clean two electron oxidation at the antimony 
center with PhICl2, yielding complex 16 (Figure 11). The gold geometry changes from 
distorted tetrahedral in 15 to square-planar in 16, suggestive of a d8 metal center. The 
bond distance between Au and Sb shortens from 2.8374(4) to 2.7089(9) Å, suggesting an 
increasing interaction between two heavy atoms upon oxidation. Moreover, the NBO 
analysis indicates that the interaction switches from Sb→Au in 15 to Au→Sb in 16. 
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Figure 11. Structures of complexes 15 and 16 and their related bonding parameters. 
Similar bond strengthening between Au and Sb was observed in the 
transformation from 17  to 18 upon oxidation of the antimony center by 
tetrachloro-1,2-benzoquinone (o-chloranil) (Figure 12). Synchronous with the 
geometry of the gold center changing from trigonal-pyramidal to distorted square-
planar, the Sb‒Au bond distances shrinks from 2.8669(4) in 17 to 2.6833(3) Å in 
18. The NLMO analysis shows an elevated orbital contributions from the gold
center, which is aligned with a stonger Au→Sb interaction upon oxidation of the 
antimony center. 
Figure 12. Structures of complexes 17 and 18 and their related bonding parameters. 
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1.3 Application of antimony-based Z-ligands in catalysis 
1.3.1 Redox-controlled catalysis 
As described previously, a hypervalent strong M→Z interaction was found in 
complexes featuring Sb(V) in lieu of Sb(III) moieties, and therefore the catalytic activity 
of the corresponding metal complexes should be varied accordingly. Gold complex 
[19]+, which is synthesized from 5 shows poor catalytic activity in hydroamination of 
phenylacetylene with p-toluidine (Figure 13).61 To increase the reactivity, the Sb(V)-
based gold complex [20]+, which was also derived from 5, was synthesized. Based on 
the crystallographic and computational analysis, the Au→Sb interaction is stronger in 
[19]+, leading to a more electrophilic gold center, which is able to bind Lewis bases such 
as water. Moreover, the catalytic activity of [20]+ is expectedly increased, as evidenced 
by the higher yield of the hydroamination product under the same reaction conditions. 
These phenomena confirm that the oxidation state of the Z-ligand can be used to vary the 
catalytic activity of the coordinated metal center.  
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Figure 13. Structures of complexes [19]+ and [20]+ and their related bonding parameters 
(Top). Hydroamination of phenylacetylene catalyzed by [19]+ and [20]+. 
1.3.2 Coordination-controlled catalysis 
Due to the attractive properties of the trifluorostiborane ligand in complex [20]+,
the platinum complex 21 with the same ligand was synthesized and was used for 
catalysis (Figure 14).62 NBO analysis shows that the Pt→Sb donor acceptor interaction 
of this complex originates from donation of filled platinum d-orbitals to a 5p orbital at 
the antimony center, which should increase the platinum centers electrophilicity, and 
hence its reactivity. However, complex 21 displays no catalytic activity towards enyne 
substitutes. Inspired by the variation of Pt→Sb interaction in the complex [12]2+ as 
fluorides coordination, Gabbaï group decided to improve the catalytic activity by 
fluoride anion abstraction. Complex [22]+ was isolated after reaction with B(C6F5)3. The 
highly Lewis acidic difluorostibonium ligand is expected to be more accessible to accept 
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electron density from platinum, resulting in a more electrophilic platinum center. The 
stronger Pt‒Sb interaction is supported by the Pt‒Sb bond distance shortening, as well as 
computational results, which suggest a covalent bond between the two metals in [22]+ 
instead of a donor-acceptor interaction in 21. Importantly, the enyne cyclization can be 
promoted by [22]+, which suggest that varying the coordination sphere around the main 
group element can change the catalytic activity of the adjacent metal center.  
Figure 14. Structures of complexes 21 and [22]+ (Top). Enyne cyclization of catalyzed 
by 21 and [22]+. 
1.3.3 Self-activating catalyst 
Contrary to traditional spectator ligands, Lewis acidic Z-type ligands can actively 
participate in catalysis.63-64 Our contribution to this field with the gold (23) and the 
platinum (24) complexes, which both feature an antimony-based Z-type ligands.65-66 
Both complexes show decent catalytic activity to alkyne activation without addition of 
activator (Figure 15). It has been proposed that the metal-bound chloride shifts to the 
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Lewis acidic antimony center, resulting in an empty site on the transition metal center, 
and hence rendering substrate coordination. 
Figure 15. Activation of M-Cl bond by a dichlorostibine and a stiboranyl ligand. 
1.4 Cationic Z-type ligand for transition metals 
1.4.1 Cationic Tl(I) as a Z-type ligand for Ni complexes 
The coordination of Lewis acid to the metal has been developed as a strategy for 
protecting the metal. With the intent to synthesize Ni(0) tris-isocyanide complexes, 
Figueroa group used the Tl(I) cation as a Z-type ligand to prevent coordination of a 
fourth isocyanide to the nickel center (Figure 16a).67-68 For example, treatment of 
complex 25 was treated with TlOTf led to [26]+, a complex featuring a Ni→Tl 
interaction. This interaction was further confirmed by the blue shift of the (CN) IR 
bands (2070 and 2000 cm-1 in [26]+; 2045 and 1977 cm-1 in 25) (Figure 16b). It is worth 
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noting the preserve of a short Tl‒O interaction (2.696(2) Å) between the triflate anion 
and the thallium cation. To understand the influence of this interaction, complex [26]+ 
was subjected to an anion exchange reaction with NaBArF4 (BArF4 = [B(3,5-
(CF3)2C6H3)4]-), leading to complex [27]+, which contains separated cation/anion pairs 
confirmed by X-ray structural analysis.  The shorter Ni‒Tl bond distance (2.853(2)Å) 
and a more noticeable shift of the (CN) IR bands (2013 and 2056 cm-1) in complex 
[27]+ indicate a stronger Ni→Tl interaction in complex [27]+ than in [26]+. This 
phenomenon was explained by the removal of the coordinated OTf- anion by a weakly 
coordinationg [BArF4]- leading to an increased Lewis acidity of the thallium cation and a 
stronger Ni→Tl interaction. The resulting stronger Ni→Tl interaction reduce the 
electron density of the nickel center and thus the backbonding from nickel to the 
isocyanide ligands.  
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Figure 16. (a) Synthesis of 25 – 29. (b) Related structural parameter of 25 – [27]+. 
Addition of 1 equivalent of CNArMes2 to complex [26]+ led to the substitution of 
the COD ligand and conversion to complex 28 without dissociation of the thallium 
cation, which indicated the robustness of the Ni‒Tl bond in complex [26]+ and [27]+. In 
fact, complex 28 is stable even upon the addition of 20 equivalents of CNArMes2. 
Removal of the thallium cation was achieved by the addition of potassium iodide, 
resulting in the tris-isocyanide nickel complex 29 .  
Taken together, these interesting results show that: (1) the Lewis acidic Tl(I) 
cation behaves as a Z-type ligand, which modulate the electron density of the nickel (0) 
center, reducing the back-donation to the isocyanide ligand, (2) the coordination of the 
Lewis acid to the electron-rich metal can be a synthetic strategy, which protect 
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coordination sites on the metal, (3) the coordinating strength of the counter anions affect 
the electron-accepting ability of the Z-type ligands. 
1.4.2 Tl(I) and Ag(I) as cationic Z-type ligand for Pd(0) and Pt(0) bis isocyanide 
complexes 
In addition to the nickel complex 25 showing metallobasicity towards Tl(I), 
Figueroa also demonstrated that palladium(0) and platinum(0) complexes can act as 
Lewis bases toward Lewis acidic cations (Figure 17a).69 Reaction of M(CNArDipp2)2
(30M) with TlOTf yielded complex [31M]+, in which the palladium and platinum atom 
adopt a T-shaped geometry with an unsupported M→Tl Lewis pair (M = Pd or Pt). This 
-type interaction induced blue shifts of the isocyanide (CN) IR bands by 
approximately 50 cm-1 for both complexes (Figure 17b), which is consistent with the 
enhanced electrophilicity on platinum or palladium due to the electron donation to the 
thallium cation. The triflate anion got exchanged to a weakly coordinating anion BArF4- 
by addition of NaBArF4 to complex [32M]+, leading to a shortening of the M‒Tl distances 
and a longer blue shift of the isocyanide u(CN) IR bands, which showed stronger M→Tl 
interaction due to the higher Lewis acidity because of removal of the coordinated OTf- 
anion. Last, the 195Pt NMR resonance of [32M]+ is a 1:1 doublet signal, because of 
coupling with the 203Tl/205Tl (I = 1/2) nuclei. The absence of the coupling in complex 
[31M]+ suggested a rapid equilibrium in coordination of the thallium due to weaker 
M→Tl interaction.  
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Figure 17. (a) Synthesis of 30M – [32M]+. (b) Related structural parameter of 30M – 
[32M]+. 
When 30M was treated with AgOTf, formation of complexes of type [31M]+ was 
observed (Figure 18). The most notable difference between the thallium-coordinated 
complexes is the square-planar geometry around the group 10 metal in complexes [33M]+ 
with an extra solvent coordination, such as THF, benzene or toluene. These are the first 
two examples of ligand additions to 30M. The atypical solvent binding to the metal 
center was due to stabilization of the group 10 metal p orbital upon silver cation 
coordination. The lowering of this orbital facilitates the binding of the ligand to the 
metal center. The formation of Lewis acid-base pair induced by a cationic Z-type ligand 
has also been observed in the Hg complexes [6]+ in which the stibonium ligand also 
increases the Lewis acidity of the mercury center. 
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Figure 18. Synthesis of [33M]+. 
1.4.3 Cationic PEP ambiphilic ligands for transition metal complexes 
Cationic Z-type ligands can increase the electrophilicity of a metal center. To 
further elaborate on this strategy, double decker ligands that position a cation in 
proximity to a metal center have been developed, for example by Iwasawa and co-
workers.70 The double decker palladium complexes 34E, in which three different group 
13 elements can be at the lower deck, show that the Pd→E strength is increased when 
the group 13 element gets heavier based on the analysis of covalent ratios (Figure 19). 
Moreover, the Pd‒Cl bond distances becomes shorter in the presence of heavier group 
13 elements, which suggests that the choice of the main group element can not only 
modulate the M→Z interaction, but also affect the trans influence of the ligand on the 
M‒Z axis.  
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Figure 19. (a) Structure of complexes 34E and related bonding parameters between E and 
M. (b) CO2 hydrosilylation catalyzed by 34E.
The catalytic activity of complexes 34E for the hydrosilylation of CO2 is shows 
an unexpected dependence on the Pd→E interaction (Figure 19b). Despite the weaker 
Pd→E interaction in 34Al than 34Ga and 34In, the aluminum complex possesses the 
highest turnover frequency (TOF) of 19300h-1 among three complexes. 
The cationic Z-type ligand changes the properties of the group 10 metal 
complexes. Taucher and co-workers showed that a stronger M→E interaction can be 
achieved by increasing the positive charge of the Z-type ligand (Figure 20).71 The 
strength of the Rh→E interaction can be determined as CuI < LiI < ZnII, according to 
NMR experiments. Formation of [35Zn]2+ was observed when [35Cu]+ and [35Li]+ were 
treated with Zn(NTf2)2.  Treatment of complex [35Cu]+ with LiNTf2 resulted in complex 
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[35Li]+ , and no reaction was observed when [35Zn]2+ was mixed with LiNTf2 or 
[Cu(MeCN)4][OTf]. The stretching frequency of (CO) of complexes [35E]n+,1973 cm-1 
for [35Cu]+ , 1984 cm-1 for [35Li]+ and 2025 cm-1 for [35Zn]2+, followed the same order as 
that of the Rh→M strength. . The increase of the energy of the CO stretching band 
reflects the decrease of the electron density on the rhodium center induced by a Z-type 
ligand with higher positive charges. 
Figure 20. (a) Structure of complexes [35E]n+ and related CO stretching frequency. (b) 
CO2 hydrosilylation catalyzed by [36E]n+. 
A similar influence of the charge of cationic Z-type ligands was also observed in 
palladium complexes [36E]n+ (Figure 20b). The magnitude of the Pd→E interaction for 
these three complexes was compared by structural and computational analysis, showing 
that [36Zn]2+ featured the strongest Pd→E interaction among the three complexes. 
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Furthermore, the catalytic activity is also the highest among the three, which reflects the 
positive correlation existing with the strength of the Pd→E interaction.71. These results 
show how the magnitude of the M→Z interaction plays an important role in the 
modulation of the catalytic activities of the complexes. 
1.5. Remote control of the properties of metal complexes by peripheral substituents 
appended to the ligands 
1.5.1. Substituent effect on the electronic property of metal complexes 
Despite the large distance existing a metal center and substituents appended to 
the ligands, the electronic property of a metal center can still be modulated by varying 
the nature of these substituents.72-83 For example, the introduction of a nitro group to the 
phenylpyridine ligand of the [(bpy)2Ru(ppy)]+ results in a blue shift in the MLCT bands 
from 543 to 495 nm and an anodic shift of the oxidation potential of ruthenium center 
(Figure 21).84 These changes are caused by the negative interactive influence of the nitro 
group, which render the metal more electron poor, raising the energy of the MLCT 
transition from the metal to the bipy * orbital.37 
Figure 21. Structure of complexes [37X]+ and related photophysical and eletrohemical 
properties. The oxidation potential is referenced to SCE. 
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Incorporation of a polypyridine ligand such as bipyridine facilitate the 
manipulation of the photophysical and redox properties of these complexes.  Owing to 
the weaker donation of the neutral bipyridine ligand, the LUMO of the resulting 
complex is largely distributed on the bipyridine ligand, providing another handle to tune 
the energy state of the LUMO for different demanding HOMO‒LUMO gap. Namely, 
electron-withdrawing substituents draw away electron density from bipyridine, 
stabilizing the LUMO and inducing a red shift of MLCT band, while electro-donating 
group raise the HOMO and induce red shift of the absorption. For example, the emission 
wavelength of complex [38X]+ shows a progressive red shift as the substituent becomes 
more electron-withdrawing (Figure 22a).85 Computational results show that the electron-
withdrawing groups on the ligand decreases the HOMO‒LUMO gap, leading to a red 
shift of the emission. These substituents do not affect as much the metal-centered 
HOMO.75, 86 However, the substituents influence the electrochemical properties of theses 
iridium complexes.87-89 These complexes have a reduction potential that is highly 
correlated with the substituent on the bipyridine ligand. For instance, the redox wave 
corresponding to the one-electron reduction of the bipy displays a progressive anodic 
shift upon introduction of electron-withdrawing groups.   
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Figure 22. (a) Structures of iridium complexes showing substituent effect and their 
relative experimental data.  (b) Structures of platinum complexes showing substituent 
effect and their relative experimental data.  (c) Structures of ruthenium complexes 
showing antimony substituent effect and their relative experimental data. Potentials are 
referenced to ferrocene. 
A related trend was also observed for the the bipyridine platinum complexes 39CP 
and 39P (Figure 22b).82 The metal-to ligand charge-transfer (MLCT) band of complex 
39P with peripheral phosphonate ester group is 500 nm, but that of complex 39CP is at 
about 450 nm. The noticeable shift originates from a difference in the substituents, 
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which is the linkage. In complex 39CP, the methylene decreases the electron-withdrawing 
effect of the hypervalent phosphorous moiety, leading to less stabilization of the LUMO 
and hence a larger HOMO-LUMO band gap (Figure 22b). The anodic shift of the redox 
potential for the one electron reduction of the bipyridine ligand also establishes the fact 
that complex 39P is more electrophilic due to the electron withdrawing group directly 
attached to the ligand. Overall, these results suggest that the peripheral substituent on the 
ligand can be used to control the electronic property of the complex.  
A previous co-worker incorporated a Lewis acid antimony moiety in a 
cyclometalated ruthenium complex and investigated the substituent effect induced by the 
redox chemistry of the antimony center (Figure 22c).90 Complex [40Sb]+ exhibits MLCT 
absorption bands with maxima at 492 and 543 nm which is very close to the parent 
cationic [(bpy)2Ru(ppy)]+ complex, indicating that the stibine moiety has limited 
influence to the electronic property of the complex. On the other hand, the Sb(V) moiety 
attached to the outer rim of the cyclometalated ligand initiates a 10 to 20 nm blue shift of 
the MLCT band.  This shift can be explained by the electron withdrawing effect of the 
Sb(V) substituent, which stabilizes the metal orbitals (Figure 22c), a conclusion 
corroborated by cyclic voltammetry. The redox couple corresponding to the Ru(II/III) 
oxidation  is at 0.21 V in complex [40SbPh]2+, and 0.06 V in complex [40Sb]+. This net 
anodic shift indicates that the ruthenium metal center is more electron deficient within 
the Sb(V) present in the ligand. Both photophysical and electrochemical analysis suggest 
that the Sb(V) substituent can be used as an electron withdrawing group to remotely tune 
the electrophilicity of the cyclometallated metal complex.  
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1.5.2 Applications 
As mentioned above, the peripheral substituents are able to impact the electronic 
properties of the complexes, leading to different photophysical and electrochemical 
behavior. This level of control can be exploited in various applications in chelating anion 
sensing and catalysis. 
1.5.2.1 Applications in anion sensing 
The cyclometalated ruthenium complex [41]+, within a boron-based 
phenylpyridine ligand (Figure 23a) binds both fluoride and cyanide anions.91 UV-vis 
spectrum displays a significant red shift of the MLCT band upon anion binding, leading 
to a color change from deep purple to nearly black. This MLCT shift comes from the 
destabilization of the HOMO because a stronger donor upon anion binding (Figure 23b). 
Besides, the redox potential corresponding to the RuII/III oxidation shows a cathodic shift 
upon anion binding. The same trend was also observed when [40SbPh]2+ was treated with 
fluoride anion (Figure 22c). Binding of a fluoride to the antimony center increases the 
electron donating properties of the substituent leading to a red shift of the MLCT band 
and a cathodic shift of the RuII/III oxidation. Altogether, the immediate change of the 
photophysical property in these two ruthenium complexes leads to obvious color change 
from purple to black, suggesting their possible use as naked eye fluoride sensors. 
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Figure 23. (a) Structures of ruthenium complexes [41]+ and relevant experimental data 
illustrating the peripheral substituent effect. (b) Orbital energy diagram upon anion 
binding to a cyclometalated complex. 
1.5.2.2 Application of substituent effect in the catalysis 
As mentioned above, modification of the peripheral substituents of the 
coordinated ligands can effectively alter the nature of the transition metal center, and 
hence the reactivity of the metal center should also be modulated. A series of palladium 
complexes 42X, coordinated by 4,4’-disubstituted-2,2’-bipyridine ligand were 
investigated for substituent effect and catalytic activity (Figure 24a).81 The palladium-
catalyzed oxidation of 2-hexanol was used as a model reaction to correlate electron 
donating ability of the substituents with the catalytic activity.  These results indicate that 
the peripheral substituent, despite the large separation from the reaction center, can be 
used to alter the reactivity of the transition metal center. Another example is the 
hydroarylation of ethylene catalyzed by a series of platinum complexes 43X (Figure 
24b).92 The ratio of the two possible products, ethylbenzene or styrene, is affected by the 
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electron-donating ability on the bipyridine group. The generation of styrene is largely 
promoted by more electron-withdrawing bipyridine ligand. From the mechanistic study, 
the more electron rich platinum complex should be more accessible to oxidative addition 
of benzene, followed by the formation of styrene. Instead, the relatively electron-poor 
platinum complex is more likely to undergo an -hydride elimination leading to styrene 
production. This research demonstrated that the variation of the substituents on the 
bipyridine ligand can be used to control the reactivity of the transition metal center.  
Figure 24. Examples showing how substituents on bipyridine influence the catalytic 
activity of the transition metal center. 
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1.6 Objectives 
1.6.1 Modulating the M→Sb interaction by varying coordinated sphere at Sb 
In this thesis, I propose to investigate the chemistry of gold complexes featuring 
ambiphilic L2/Z ligands comprised of two phosphine donors and of a Z-type antimony 
moiety.  The central objective of this research will be to determine if the charge of the 
antimony Z-type ligand can be used to modulate the electrophilic character and catalytic 
properties of the gold center. This idea will be tested by synthesizing a series of 
dinuclear complexes with a gold atom held in close proximity to a pentavalent cationic 
antimony center. My primary intent to target complexes in which the antimony center is 
dicationic.  Given the predicted reactivity of such dications, the coordination of 
phosphine oxide ligands to the antimony atom will be considered as a means to tame 
these reactive species.  The presence of a dicationic Z-type antimony moiety should 
promote the formation of a strong Au→Sb interaction, augment the electrophilic 
character of the gold center, and positively impact the range of reactions that these gold-
antimony complexes can catalyze. The extent of activation experienced by the gold 
center will be derived from an experimental determination of its ability to catalyze 
reactions involving alkenes and alkynes. This project will also showcase how these 
ligand effects can be used to drastically alter the reactivity of a transition metal. 
1.6.2 Control reactivity of complexes by peripheral Sb-based substituent 
Varying the peripheral substituent at the ligand is a powerful approach to 
manipulate the electronic properties of a complex. However, most transformations 
require harsh reaction conditions, which are difficult to perform on an already assembled 
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metal complex.  The mild reaction conditions used to convert antimony(III) to 
antimony(V) served as an inspiration for the synthesis of bipy ligands, derivatized at 
their periphery by a SbPh2 moiety. The primary objective of these investigations was to 
demonstrate that such a ligand could be complexes to a metal and subsequently 
subjected to oxidation conditions in order to convert the Sb(III) moiety in a Sb(V) 
moiety, without affecting the transition metal. The secondary objective of these 
investigations will be to test the impact of this oxidation in the realm of organometallic 
catalysis and photophysics. 
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CHAPTER II  
AN ANTIMONY(V) DICATION AS A Z-TYPE LIGAND: TURNING ON STYRENE 
ACTIVATION AT GOLD* 
2.1 Introduction 
Although traditionally regarded as laboratory curiosities, Z-type, Lewis acidic 
ligands and the complexes they form with transition metals are now gaining increasing 
validation in the area of catalysis60, 69, 93-104  where the electron accepting properties of 
the Lewis acidic center can be used to modulate the electron density and catalytic 
reactivity of the adjacent metal center.105-110 The accepting properties of Z-type ligands 
can be influenced by a variety of factors including the nature of the atom acting as the 
Lewis acid,111-112 its redox state or its coordination environment60, 101. Examples that 
illustrate the tunability of these ligand systems include double-decker complexes of type 
I where variation of the group 13 element allows for a precise control of the Ni-E 
interaction113 or complexes of type II where the redox state of the antimony center can 
be used to adjust the strength of the Au-Sb interaction (Figure 25).61, 114  Based on the 
principle that cationic main group compounds are more Lewis acidic than their neutral 
counterparts,115-116 we have been interested in an approach whereby anion abstraction 
serves to enhance the -accepting properties of the Z-type ligand.50  We demonstrated 
* Reprinted in part with permission from: "An antimony(V) dication as a Z-type ligand: Turning on styrene
activation at gold"; Lo, Y.-H.; Gabbaï F. P. Angew. Chem. Int. Ed. 2019, 58, 10194-10197. Copyright
2019 by John Wiley & Sons, Inc.
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this idea in the case of complex III which, upon conversion into IV by fluoride anion 
abstraction, became catalytically active as a result of a stronger Pt→Sb interaction.62  
With the view of further augmenting the accumulation of positive charges on the Lewis 
acidic main group element, we are now investigating ligand platforms that would 
support the formation of antimony dications, within the coordination sphere of a late 
transition metal.  It occurred to us that isolating such a complex may necessitate the use 
of auxiliary donor functionalities introduced to tame the high reactivity of the dicationic 
antimony moieties.117  The work of Burford on species such as V shows that phosphine 
oxides are privileged ligands for antimony cations.118-119 The donor properties of the 
phosphine oxide ligand can be rationalized by considering the ylidic resonance structural 
(b), in which the dicationic complex is described as a bis-phosphonium stiborane 
derivative rather than an antimony dication (Figure 25). 
As part of this thesis, we have decided to target complexes of type VI in which 
one of the phosphine oxide donors is replaced by a metalloligand.  In this chapter, we 
describe our first implementation of this idea and its application to gold mediated 
catalysis. 
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Figure 25. Examples of transition metal complexes that contain Z-type ligands (I to IV) 
and outline of work mentioned within (V and VI). 
2.2 Synthesis and characterization of the dicationic gold complex 
As an entry point for the synthesis of a complex of type VI, we considered 
complex 44, a known gold complex which features a phosphino arm free of metal 
coordination.120  To test if this unit could be converted into the corresponding phosphine 
oxide, complex 44 was combined with one equivalent of hydrogen peroxide (Figure 26).  
This reaction afforded complex [45a][Cl] as an air stable solid, the crystal structure of 
which (vide infra) confirmed the successful conversion of one of the three phosphino 
arms of the ligand into a phosphine oxide.  This complex has also been characterized by 
EA and 31P MAS NMR spectroscopy.  The latter shows two signals at 60.2 ppm and 
41.6 ppm.  The respective 2:1 intensity ratio measured for these two resonances indicates 
that they correspond to the gold-coordinated phosphine and the phosphine oxide units, 
respectively.  When in solution, [45a][Cl] gives rise to a second isomer (45b-Cl) for 
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which the 31P nucleus of the phosphine and phosphine oxide units resonates at 96.1 ppm 
and 44.3 ppm. respectively.  The structure of 45b-Cl is proposed to be that depicted in 
Figure 26, based on the similarity of the phosphine chemical shift with that of ((o-
(Ph2P)C6H4)2SbCl3)AuCl (79.2 ppm).61 To confirm that these two isomers differ in the 
way they interact with the chloride counterions, we treated [45a][Cl]/45b-Cl with 2 
equivalents of AgNTf2.  In situ 31P NMR spectroscopy indicated the emergence of a new 
species, [46][NTf2]2, characterized by a single set of resonances at 68.7 ppm and 42.3 
ppm (2:1 integration ratio).  
Figure 26. Synthesis of [45a][Cl] and [46][NTf2]2.
The structures of [45a][Cl] and [46][NTf2]2 have been established in the solid-
state (Figure 27).121  The Au–Sb bond distances of 2.613(7) Å in [45a][Cl] and 
2.6269(7) Å in [46][NTf2]2 are significantly shorter than in 44 (2.709(9) Å) thus 
indicating a strengthening of the Au‒Sb interaction triggered by the increased Lewis 
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acidity of the antimony center.  In accordance with the bonding situation depicted for 
model complex VI, the coordination geometry of the antimony center in both complexes 
is distorted trigonal bipyramidal with the gold atom and the oxygen atom of the 
phosphine oxide occupying the apical sites.  A further indicator of this coordination 
geometry comes from the sum of C‒Sb‒C angles which approaches the ideal value of 
360° in both structures (Σ(C‒Sb‒C) = 356.1(4) for [45a][Cl] and 356.7(4)° for [46][NTf2]2). 
The values of the P‒Au‒P (167.30(9) for [45a][Cl] and 166.25(9)° for [46][NTf2]2) and 
Cl‒Au‒Sb (172.79(6) for [45a][Cl] and 176.39(6)° for [46][NTf2]2) angles indicates 
that the four primary ligands bound to gold are arranged in a square planar geometry, 
with the chloride ligand (Cl1) positioned trans from the antimony atom.  This square 
planar geometry is consistent with the strong donation of a gold d-orbital lone pair to 
antimony, leading to an electronic configuration that approaches that of a classical d8 
metal center.  In the case of [45a][Cl], the square planar gold atom is capped by a 
chloride ligand that forms a long Au‒Cl interaction of 2.910(2) Å.   
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Figure 27.  Solid-state structure of [45a][Cl] and [46][NTf2]2.  Thermal ellipsoids are 
drawn at the 50% probability level. The phenyl groups are drawn in wireframe, the. 
hydrogen atoms, interstitial solvent molecules and counteranions are omitted for clarity. 
2.3 Computational study on the dicationic gold complex 
To provide additional insights into the structure of such species, we optimized 
the structure of [46]2+.  The computed Sb–Au bond in [46]2+ (2.665 Å) is close to that 
observed experimentally indicating the appropriateness of the computational method 
adopted.  A Natural Bond Orbital (NBO) analysis of [46]2+ (Figure 28) affords a bonding 
description in which a dicationic triarylantimony unit is stabilized intramolecularly by 
donation from the phosphine oxide functionality and from the metallobasic gold atom.  
Indeed, the NBO method describes the Sb‒O interaction as a lp(O)→p(Sb) donor 
acceptor interaction which contributes to the stability of the complex by E(2) = 69.7 
kcal/mol.  The Sb-Au linkage is also donor acceptor in character and involves a dx2-
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2(Au)→p(Sb) and a dz2(Au)→p(Sb) interactions which stabilize the complex by E(2) = 
39.3 kcal/mol and 10.5 kcal/mol, respectively.  Taken together, the second order 
perturbation energies suggest that the dative bonds formed by the two donors have a 
similar strength.  This bonding description supports the formulation of complex [46]2+ as 
a stibonium dication stabilized intramolecularly by two Lewis bases. 
Figure 28. NBO plots of the (a) Sb‒Au and (b) O‒Sb major bonding interactions in 
[46]2+ (isodensity value 0.05). Hydrogen atoms are omitted.
2.4 Styrene activation catalyzed by the dicationic gold complex 
2.4.1 Gold center activation by silver bis(trifluoromethanesulfonyl)imide 
Complex [46]2+ can be regarded as a dicationic analog of complex (o-
(Ph2P)C6H4)2SbF3)AuCl,61 a complex which we successfully converted into the 
catalytically active cation [20]+ ([((o-(Ph2P)C6H4)2SbF3)Au]+) by abstraction of the 
chloride anion.61  With the view of carrying out the same transformation, we treated 
[46]2+ with an additional equivalent of AgNTf2 in dichloromethane (Figure 29).  31P
NMR spectroscopy showed the emergence two new resonances at 67.9 ppm and 49.1 
ppm (2:1 intensity) which we assign to the formation of [47][NTf2]2, a complex in which 
the gold-bound chloride anion is replaced by a triflimide anion.  Formation of 
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[47][NTf2]2 is however partial and only reaches 55% conversion after addition of 7 
equivalents of AgNTf2. The stability of the Au-Cl bond of [46]2+ is assigned to the 
dicationic nature of the complex and its reluctance to acquire a greater positive character 
by replacement of the chloride by a much weaker coordinating triflimide counteranion. 
We note that the phosphine oxide resonance of [47]2+ undergoes a small but noticeable 
upfield shift which we assign to a change in the polarity of the medium as excess of 
AgNTf2 is added to the solution 
Figure 29. Chloride abstraction from [46][NTf2]2 by addition of equivalents of AgNTf2.
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2.4.2 Styrene activation catalyzed by [47][NTf2]2 
Given the weakly coordinating nature of the triflimide anion and its extensive use 
as a counteranion in gold mediated catalysis,122-123 we became eager to test the catalytic 
properties of [47][NTf2]2.  When [47][NTf2]2 was generated in situ by addition of 3 
equivalents of AgNTf2 to [45][Cl], we observed that styrene is readily polymerized 
(Figure 30).  1H NMR monitoring indicated that the reaction had reached >95% 
completion after 1 h.  Prior examples involved cyclometallated gold(III) complexes, 
carbene gold(III) complexes or systems generated by combining AuCl and a halide 
abstracting activator.124-127 The emergence of such a reactivity for a bis(phosphine)gold 
moiety such as that in [47][NTf2]2 is surprising and reflective of the reactivity 
enhancement achieved in the polycationic gold complex.128-129 
Figure 30. Hydroamination of styrene catalyzed by [46]2+/ AgNTf2  and polymerization 
of styrene catalyzed by or [45]+/ 3 AgNTf2. 
Encouraged by these findings, we decided to test whether this catalyst could also 
promote hydroamination of the substrate.  We first tested the reaction of styrene and p-
toluenesulfonamide (TsNH2) and observed the clean formation of the Markovnikov 
hydroamination product which was obtained in high yield after 6 h (Table 1, entry 1).  
Given the stoichiometry of the chloride abstraction reaction established by NMR 
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spectroscopy, we decided to vary the [46]2+/AgNTf2 ratio from 1/1 to 1/7  (entries 2-4). 
NMR monitoring indicates that additional equivalents of AgNTf2 results in a higher 
yield of the product after the first hour.  This result support the notion that the putative 
triflimide complex is indeed the catalyst.  We propose that the activity of this catalyst 
results from dissociation of the triflimide anion from the gold center, followed by 
activation of styrene and addition of the sulfonamide and protodeauration (Figure 31). 
Table 1. Hydroamination of styrene and substituted styrenes by TsNH2. 
Entry Precatalyst X m[a] T (C) Time Yield [b] Product 
1 [46][NTf2]2 H 1 35 6 h 94% 5a 
2 [46][NTf2]2 H 1 35 1 h 20% 5a 
3 [46][NTf2]2 H 4 35 1 h 29% 5a 
4 [46][NTf2]2 H 7 35 1 h 44% 5a 
5 [45a][Cl] H 3 35 6 h 93% 5a 
6 [45a][Cl] H 3 35 1 h 19% 5a 
7 [45a][Cl] H 6 35 1 h 29% 5a 
8 [45a][Cl] H 9 35 1 h 46% 5a 
9 [46][NTf2]2 F 1 35 6 h 96% 5b 
10 [46][NTf2]2 Cl 1 35 6 h 42% 5c 
11 [46][NTf2]2 Me 1 25 20 min 32% 5d 
[a] m refers to the number of equivalents of AgNTf2. [b] The yield was measured by 1H
NMR spectroscopy using 1,2-dichloroethane as an internal standard.
We were also eager to test whether [47][NTf2]2 could be generated in situ, 
starting from [45a][Cl].  We found that when generated in this way, [47][NTf2]2 showed 
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a catalytic activity in the hydroamination of styrene that is almost identical to that 
observed when [46][NTf2]2 is used as a pre-catalyst (entries 5-8).  We have verified that 
this reaction is not activated by complex [46]2+ or AgNTf2 alone.  When 5 mol% HNTf2 
was employed as a catalyst, only 16% of hydroamination product was formed, and 
formation of polystyrene was observed. This poor selectivity adds credence to the 
involvement of the gold-antimony complex as the active species. Complex [47][NTf2]2 
appears significantly more active than other gold-based catalysts such as 
Ph3PAuCl/AgOTf or (PhO)3PAuCl/AgOTf.130-131  These two catalysts also promote the 
reaction of styrene with p-toluenesulfonamide but necessitate high temperatures (85C) 
and extended reaction times (14 h) to afford the hydroamination product in only 
moderate yields (50-60%).  Finally, we have also tested the reactivity of substituted 
styrenes.  4-Fluorostyrene is also efficiently hydroaminated, a results expected based on 
the similar Hammet parameters132-133 of hydrogen (p = 0) and fluorine (p = 0.06) 
(entry 9).  Reaction of the more electron-poor 4-chlorostyrene (p = 0.23) is distinctly 
slower in agreement with the proposed electrophilic mechanism (entry 10).  Further 
support for this electrophilic mechanism is provided by the behavior of 4-methylstyrene 
which is fully consumed after 20 mins at room temperature.  In this case, however, only 
about 32% of the hydroamination product is formed along with unidentified products 
and oligomers (entry 11). 
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Figure 31. Proposed mechanism for hydroamination catalyzed by [47]2+. 
Overall, we describe the synthesis and characterization of a gold chloride 
complex, [46][NTf2]2, featuring a Z-type dicationic antimony ligand.  Formation of this 
complex is made possible by the coordination of a neutral phosphine oxide donor that 
attenuates the reactivity of the dicationic antimony center.  Despite its electron-deficient 
nature, the gold center of [46]2+ can be activated by conversion into the proposed 
triflimide complex [47]2+.  Generation of this complex is accompanied by the emergence 
of atypical reactivity toward styrene134-135 which is readily polymerized or converted into 
the hydroamination Markovnikov product when in the presence of p-
toluenesulfonamide.  These unusual reactions highlight the unique activation resulting 
from the coordination of the dicationic antimony Z-type ligand to the gold center. 
2.5 Anion effect on the catalytic activity of the gold complex 
2.5.1 Synthesis of mono-cationic gold complex with SbF6- as counter anions 
The potential of complex 44 forming di-cationic or tri-cationic complex 
prompted us to treat it with a silver salt for chloride anion abstraction. Complex 44 
reacts with 1 equivalent of AgSbF6 cleanly, resulting in complex [48][SbF6] (Figure 32). 
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This cationic complex was characterized by 31P NMR spectroscopy showing a sharp 
singlet at 42.7 ppm, indicating that the third phosphine ligand is coordinated to the gold 
center.  
Figure 32. Synthesis of [48][SbF6]. 
The coordination of the three phosphine was further confirmed by the solid-state 
structure (Figure 33a). The gold center adopts a distorted trigonal bipyramidal geometry 
with antinomy and chloride at the apexes. It sits below the trigonal plane defined by the 
three P atoms by a distance of 0.36 Å towards the chloride ligand. The antimony center 
is also in a distorted trigonal bipyramidal geometry (Σ(C‒Sb‒C) = 360.1(2)°) and is 
separated from the gold center by 2.7778(5) Å, which is longer than the Sb‒Au distance 
of 2.7086(9) Å in complex 44. The lengthening of the Sb‒Au distance suggests a 
weaker bond interaction between these two metals, which is likely caused by the 
coordination of the third phosphine. The NBO analysis shows a [48]+ possess a Au→Sb 
donor‒acceptor interaction (Figure 33b). This interaction is originated from the filled 
gold dz2 orbital donating to the vacant * orbital of Sb‒Cl bond with the E(2) = 28.44 
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kcal/mol. 
Figure 33. (a) Solid-state structure of [48][SbF6].  Thermal ellipsoids are drawn at the 
50% probability level. The phenyl groups are drawn in wireframe, the. hydrogen atoms, 
interstitial solvent molecules and counter anions are omitted for clarity. (b) NBO plots of 
the Sb‒Au bonding interactions in [48]+ (isodensity value 0.05). Hydrogen atoms are 
omitted. 
Additions of 1 equivalents AgSbF6 to complex [48][SbF6] leads to emergence of 
several signals in the 31P NMR spectrum (Figure 34), and the characterization of the 
resulting products was not successful. The reluctance of complex [48][SbF6] to react 
cleanly with silver salts suggests that the resulting di-cationic complex is not stable.  
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Figure 34. 31P{1H} NMR spectra of a reaction mixture containing [48][SbF6] and 
AgSbF6. 
2.5.2 Synthesis of di-cationic gold complexes with SbF6- as counter anions 
The successful formation of the di-cationic complex [46][NTf2]2 and the failure 
when attempting to form di-cationic complex based on [48][SbF6] indicates that the 
additional donation to the di-cationic antimony center to stabilize the complex is 
important. Hence, we decided to apply [46]2+ as a platform to study anion influence on 
the catalytic activity. Treating complex [45a][Cl] with 2 equivalents of AgSbF6 affords 
the colorless air-stable complex [49][SbF6]2 (Figure 35a). which displays 31P NMR 
resonances at 69.3 ppm and 42.5 ppm, the chemical shifts similar to those of [46]2+. The 
structure of [49][SbF6]2 was confirmed by a single-crystal diffraction, which reveals a 
dicationic complex with the same connectivity as in the NTf2- salt (Figure 35b). The sum 
of the C‒Sb‒C angles is 357.0(3)°, which is close to 360°. Based on the P‒Au‒P angle 
(167.56(6)) and the Sb‒Au‒Cl angle (175.18(7)), the gold center adopts a distorted 
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square-planar geometry, which is typically found at d8 metal centers.  The short Sb‒Au 
bond distance (2.619(2) Å) again implies a bonding situation similar to that in the NTf2- 
salt.  We note that in the solid structure of [46][NTf2]2, there is a NTf2- anion interacting 
weakly with the gold center.  However, no such interaction was found in [49][SbF6]2, 
suggesting that these two anions have a different influence on the nature of the dicationic 
complex. 
Figure 35. (a) Synthesis of [49][SbF6]2. (b) Solid-state structure of [49][SbF6]2.  Thermal 
ellipsoids are drawn at the 50% probability level. The phenyl groups are drawn in 
wireframe, the. hydrogen atoms, interstitial solvent molecules and counter anions are 
omitted for clarity. 
2.5.3 Activation of [49][SbF6]2 by silver salt 
To better understand the catalytic species in the reaction, we titrated [49][SbF6]2 
with AgOTf.  A species was formed when progressively adding AgOTf as indicated by 
31P NMR spectroscopy (Figure 36). The need for eight equivalents to complete the 
conversion indicates the robustness of the Au–Cl bond in [49][SbF6]2. The resulting 
complex, assigned to be [50][SbF6]2, could not be isolated in a crystalline form. 
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Figure 36. Chloride abstraction from [49][SbF6]2 by addition of equivalents of AgOTf. 
2.5.3 Styrene activation by [49][SbF6]2 
Having noticed that the reactivity of [47]2+ in the polymerization and 
hydroamination of styrene, we decided to use these two reactions to bench mark the 
anion effect. The polymerization of styrene catalyzed by [49][SbF6]2/AgSbF6 was highly 
exothermic and completed almost instantaneously (Figure 37). The polystyrene was 
characterized by GPC, which afforded Mw = 25,059 and PDI = 3.18. Slower 
polymerization of styrene (3 hours) was observed when the co-catalyst was AgOTf. The 
resulting polymer was also confirmed by GPC (Mw = 21568, PDI = 2.16). The 
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difference in reaction rate is assumed to be due to the higher affinity of the triflate anion 
for the gold center (OTf-> SbF6-).122, 136-138 The more weakly coordinating SbF6- anion 
facilitates the coordination of the substrate as well as its activation. As a result, the 
reaction is shortened. 
Figure 37. Polymerization of styrene catalyzed by [49][SbF6]2/AgX. 
In the presence of p-toluenesulfonamide (TsNH2), the Markovnikov 
hydroamination product was obtained in high yield after 1 hour when 
[49][SbF6]2/AgOTf (5 mol% ) is used at 35°C (Entry 1, Table 2). These reaction 
conditions are less aggressive than those used with PPh3AuCl/AgOTf or HOTf as 
catalyst, which both require higher temperature (85°C) and longer reaction time (14 h). 
Hence the proton-catalyzed mechanism is excluded. Interestingly, the amounts of 
AgOTf affects the reactivity of the gold center. NMR monitoring indicates that 
additional equivalents of AgOTf reduce the reaction time from 1 hour to under 20 
minutes (Entry 1‒4), suggesting that the progressive formation of the catalytic active 
complex upon addition of excess AgOTf.  However, 16 equivalents of AgOTf slows the 
reaction (Entry 5). This result indicates that it is important to control the concentration of 
the triflate anion, which might block gold center and interfere with the coordination of 
substrates at higher concentration. 
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Table 2. Hydroamination of styrene catalyzed by [49][SbF6]2/m (AgOTf) 
[a] The yield was measured by 1H NMR spectroscopy using 1,2-dichloroethane as an
internal standard.
Silver salt accompanied with different anion was applied to activate gold center 
for hydroamination of styrene (Table 3). We found out [49][SbF6]2/AgNTf2 promoted 
90% yield of the Markovnikov hydroamination product, which was achieved after 30 
minutes when a 5 mol% catalyst loading was employed. The reaction is faster than using 
AgOTf as the co-catalyst, which is consistent with the fact that the OTf- anion is more 
coordinating anion to gold than NTf2-.122, 136-138  Then we were eager to apply AgSbF6, 
containing a weaker donating anion, as the co-catalysis to examine if the catalytic 
activity of the catalyst is higher. While the styrene was fully consumed in 10 minutes 
when [49][SbF6]2/AgSbF6 was used as catalyst, polystyrene was the dominant product, 
instead of the hydroamination product. The least coordinating anion SbF6- makes the 
catalyst more carbophilic and leads to polymerization prior to the hydroamination. These 
results again verify our hypothesis that the coordinating strength of the counter anion 
affect the catalytic activity.122, 136-138   
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Table 3. Hydroamination of styrene catalyzed by [49][SbF6]2/ AgX 
[a]The yield was measured by 1H NMR spectroscopy using 1,2-dichloroethane as an
internal standard. [b]Quantitative conversion of styrene was observed, and polystyrene
was isolated with 81% of yield.
2.5.4 Synthesis of the dicationic gold complex with OTf- as counter anions 
To verify that the gold-bound chloride can indeed be displaced by weakly 
coordination anions, the complex [45a][Cl] was treated with 10 equivalents of AgOTf, 
leading to the clean formation of the resulting cationic complex [51][OTf]2 (Figure 38a). 
The 31P NMR spectrum of the corresponding complex features resonance at 67.5 ppm 
and 42.2 ppm. This complex crystallizes in the P21/n space group with three closely 
identical molecules in the asymmetric unit (Figure 38b). The most important aspect is 
the verification that the gold-bound chloride is replaced by a triflate anion. The average 
Au‒O distance is 2.256(7) Å and it is longer than the Au‒O distance in tris(o-
tolyl)phosphine-gold(I) triflate complex (2.110(3) Å), due to the sterically crowded 
environment around the gold center. The square planar geometry of the gold center 
suggests the donation from gold to antimony and forms an electronic configuration close 
to d8 metal center. The average Au‒Sb distance is 2.638(1) Å is slightly longer than the 
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that of [49][SbF6]2 (2.619(2) Å) and this trend is also reflected computationally (2.668 Å 
in [51]2+ and 2.665 Å in [46]2+). The bond elongation presents a change in dative nature 
of the interaction, which is more polarized in [46]2+, paralleled with the gold affinity of 
different anions (Cl- > OTf-).122, 136-138 The gold atom in the square planar is capped by a 
triflate anion, forming an Au‒O interaction of avg. 2.680(7) Å. This Au‒O bond distance 
is shorter than the one in [46][NTf2]2 of 2.958(8) Å, which is consistent with the gold 
affinity of these anions (OTf- > NTf2-). 
Figure 38. (a) Synthesis of [51][OTf]2. (b) Solid-state structure of [51][OTf]2.  Thermal 
ellipsoids are drawn at the 50% probability level. The phenyl groups are drawn in 
wireframe, the. hydrogen atoms, interstitial solvent molecules and counter anions are 
omitted for clarity. (c) NBO plots of the (left) Sb‒Au and (right) O‒Sb major bonding 
interactions in [51]2+ (isodensity value 0.05). Hydrogen atoms are omitted. 
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The NBO analysis also shows two donations to the dicationic antimony center 
for stabilization (Figure 38c). In fact, the orbitals involved in these two interactions are 
the same as those in [46]2+ but the strength of the donation varies along with the 
donating strength of gold-bound X-ligand. The lp(O)→p(Sb) donation in [51]2+ provides 
stability to the complex by E(2) = 79.9 kcal/mol, which is slightly larger than that in 
[46]2+. In contrast, the dx2-y2(Au)→p(Sb) and a dz2(Au)→p(Sb) interactions in [51]2+,
contribute E(2) = 36.84 kcal/mol and 8.93 kcal/mol, which are smaller than that in [46]2+.
These results again align with trend of the ligand strength (OTf- > Cl-). In other words, 
the weaker donating strength of triflate anion makes Au→Sb donation weaker due to the 
decreased electron density on the gold center. At the same time, the increased O→Sb 
interaction becomes necessary for compensation to stabilize the dicationic complex. 
Despite the higher lability of triflate than chloride, [51][OTf]2 showed no 
catalytic activity to hydroamination of styrene with TsNH2. The addition of AgOTf to 
[51][OTf]2 didn’t show any reactivity, suggesting the silver cation is not necessary for 
the catalytic species (Entry 1, Table 4).  Interestingly, the presence of AgSbF6 in the 
mixture slightly revived the catalytic activity (Entry 2, Table 4). The results align the 
stronger binding of anion to the gold center prevents the activation of the substrate, 
leading to the poorly reactive system. the reported binding affinity toward gold complex 
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Table 4. Hydroamination of - and -substituted styrene catalyzed by [51][OTf]2/ AgX. 
[a]The yield was measured by 1H NMR spectroscopy using 1,2-dichloroethane as an
internal standard.
2.6 Exploration of new reaction related to olefin activation 
2.6.1 Hydroarylation of styrene 
Inspired by the fact that [50]2+ is catalytically active for styrene hydroamination, 
we turned our focus to building a C‒C bond with styrene activation through electrophilic 
catalysis. To our delight, when phenol was added as the nucleophile, we found the 
formation of hydroarylation products in 74% yield, as a mixture of 47% ortho and 27% 
para products (Entry 1, Table 5). The temperature required in our system is lower than 
that as using Bronsted acid catalyst or main group catalysts. For example, refluxing in 
1,2-dichloroethane is necessary for a catalyst like KHSO4,139 80°C for FeCl3,140 and 
refluxing in toluene for GaCl3.141 The [50]2+ provides another synthetic route for 
complex molecule due to a lower possibility for the decomposition of the substrate and 
occurrence of side reactions under milder reaction condition. The higher rate of the 
reaction was observed when nucleophile is p-cresol, in which the methyl group act as a 
stronger electron-donating substituent (Entry 2, Table 5). Hence, the electron richness of 
the aromatic ring affects the reactivity of the substrate in our system, which supports the 
electrophilic mechanism that we proposed.  
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Table 5. Hydroarylation of styrene catalyzed by [49][SbF6]2/ AgOTf. 
[a]The yield was measured by 1H NMR spectroscopy using 1,2-dichloroethane as an
internal standard.
2.6.2 Other olefins activation 
In addition to styrene, we are interested in the reactivity of complex [50]2+ 
toward other olefins. At first, vinyl ether, which is assumed to be a highly reactive olefin 
due to the electron richness was selected for catalyzed polymerization.142 Polymerization 
of the substrate catalyzed by [49]2+/AgSbF6 (0.1 mol%) was observed and confirmed by 
the comparison of the 1H NMR spectra with literature (Figure 39).143  It takes less than 5 
minutes for complex [50]2+ to reach full conversion of the olefin. Compared to the full 
conversion after 30 minutes for using  Ph2CH2Br/AgClO4 (0.5 mol%) as catalyst,143 or 
50% conversion after 30 minutes for AgSbF6, [50]2+ is highly reactive to vinyl ether. 
The stronger donating anion is believed to tame the catalytic activity of [50]2+ in the case 
of hydroamination of styrene, so we switched from AgSbF6 to AgOTf to study the 
hydroamination of ethyl vinyl ether.144-145 However, no hydroamination was observed. 
Instead, only broaden 1H NMR signals, matched with the corresponding polymer was 
found. These results suggest that the ethyl vinyl ether is so reactive that the presence of 
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triflate anion and the TsNH2 substrate are not able to stop the “activated olefin” from 
polymerization. 
Figure 39. Polymerization of ethyl vinyl ether catalyzed by [49][SbF6]2/AgX. 
While we were testing the substrate scope for hydroamination, vinyl acetate was 
chosen for the catalysis. Surprisingly, a clean hydroacetoxylation was observed in high 
yield when a 5 mol% loading of [49][SbF6]2 and AgOTf (Figure 40a). To the best of our 
knowledge, this reaction has only been reported once, catalyzed by ruthenium 
complex.146 The proposed mechanism from the study suggest the formation of benzene 
from the trimerization of the released acetylene at 140°C. However, neither benzene or 
acetylene was not observed in the NMR spectrum.  
Figure 40. (a) hydroacetoxylation of vinyl acetate catalyzed by [49][SbF6]2/AgOTf. (b) 
polymerization of DMBD catalyzed by [49][SbF6]2/AgOTf. 
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Additionally, conjugated diene, a more challenging substrate, was chosen for 
examination of the reaction catalyzed by [49][SbF6]2/AgOTf (Figure 40(b)).  
Delightfully, the 1,4-polymerization of 2,3-dimethyl-1,3-butadiene (DMBD) was 
observed by 1H NMR, providing the spectra matched with the assignment from 
literatures.147 However, the presence of TsNH2 eliminate the reactivity of the gold 
complex toward DMBD, so no hydroamination product was found. 
2.7 Conclusion 
In conclusion, we describe the synthesis and characterization of a gold chloride 
complex, [46][NTf2]2, featuring a Z-type dicationic antimony ligand.  Formation of this 
complex is made possible by the coordination of a neutral phosphine oxide donor that 
attenuates the reactivity of the dicationic antimony center.  Despite its electron-deficient 
nature, the gold center of [46]2+ can be activated by conversion into the proposed 
triflimide complex [47]2+.  Generation of this complex is accompanied by the emergence 
of atypical reactivity toward styrene which is readily polymerized or converted into the 
hydroamination Markovnikov product when in the presence of p-toluenesulfonamide. 
This unusual reaction highlights the unique activation resulting from the coordination of 
the dicationic antimony Z-type ligand to the gold center. 
The donation strength of counter anion in the dicationic complex plays important 
role to control the catalytic activity. The complex with OTf- coordinated to the gold 
center shows ability to tame the reactivity for hydroamination or hydroarylation of 
styrene, instead of polymerization. Interestingly, the high concentration of OTf- reduce 
the catalytic activity in [51][OTf]2, indicating the substrate activation is precluded as a 
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concentrated coordinated anion. To better control the reactivity of the dicationic 
complex, it is necessary to search for a sweet spot of an equilibrium between the counter 
anion and the substrate coordination to the gold center.  
2.8 Experimental Section 
General Consideration. Complex 44 was prepared according to the reported 
procedures.120 Dichloromethane and chloroform were dried over CaH2. Diethyl ether 
was dried over Na/K. All other solvents were used as received. Complex [45][Cl] was 
synthesized on the benchtop. Complexes [46][NTf2]2 – [51][OTf]2 were synthesized 
under a dry N2 atmosphere employing either a glovebox or standard Schlenk techniques. 
Commercially available chemicals were purchased and used as provided (commercial 
source: Alfa Aesar for AgNTf2, J. T. Baker for hydrogen peroxide, Acros Organics for 
HNTf). Ambient-temperature NMR spectra were recorded on a Varian Unity Inova 500 
FT NMR spectrometer (499.42 MHz for 1H, 125.58 MHz for 13C, 469.89 MHz for 19F, 
202.16 MHz for 31P), a Varian Unity Inova 400 FT NMR (161.74 MHz for 31P). 1H and 
13C{1H} NMR chemical shifts (δ) are given in ppm and are referenced against the 
solvent signals.  31P{1H} NMR chemical shifts are given in ppm and are referenced 
against H3PO4 as an external standard. 31P{1H} MAS NMR spectrum was recorded on a 
Bruker Avance‒400 Solids NMR spectrometer (162 MHz for 31P) equipped with a 
standard 7mm MAS NMR probe head, Standard 7mm Zirconium oxide rotor has been 
applied. The 31P chemical shifts are given in ppm and referenced to external H3PO4. 
Elemental analyses (EA) were performed at Atlantic Microlab (Norcross, GA). 
60 
Crystallographic Measurements. All crystallographic measurements were 
performed at 110(2) K using a Bruker SMART APEX II diffractometer or a Brucker D8 
QUEST diffractometer (graphite monochromated Mo-K radiation, λ = 0.71073 Å).  In 
each case, a specimen of suitable size and quality was selected and mounted onto a 
nylon loop. The structures were solved by direct methods, which successfully located 
most of the non-hydrogen atoms. The semiempirical method SADABS was applied for 
absorption correction.148  Subsequent refinement on F2 using the SHELXTL/PC package 
(version 6.1)149 allowed location of the remaining non-hydrogen atoms.  Structural 
refinements were performed using Olex2.150  The data has been deposited to the 
Cambridge data base under the following numbers: CCDC 1905863-1905864. 
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Table 6. Crystal data and structure refinement for [45a][Cl]. 
Identification code  y_a_sq 
Empirical formula  C54 H42 Au Cl3 O P3 Sb 
Formula weight  1224.85 
Temperature  273.15 K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1
Unit cell dimensions a = 10.8165(9) Å = 88.150(3)°. 
b = 16.2607(13) Å = 71.610(3)°. 
c = 16.9196(13) Å  = 85.953(3)°. 
Volume 2816.7(4) Å3 
Z 2 
Density (calculated) 1.444 Mg/m3 
Absorption coefficient 3.342 mm-1 
F(000) 1200 
Crystal size 0.35 x 0.04 x 0.03 mm3 
Theta range for data collection 2.281 to 26.482°. 
Index ranges -13<=h<=13, -20<=k<=20, -21<=l<=21
Reflections collected 44395 
Independent reflections 11581 [R(int) = 0.0832] 
Completeness to theta = 25.242° 99.7 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7454 and 0.5439 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 11581 / 0 / 568 
Goodness-of-fit on F2 1.042 
Final R indices [I>2sigma(I)] R1 = 0.0705, wR2 = 0.1489 
R indices (all data) R1 = 0.0976, wR2 = 0.1656 
Extinction coefficient n/a 
Largest diff. peak and hole 2.521 and -3.422 e.Å-3 
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Table 7. Crystal data and structure refinement for [46][NTf2]2. 
Identification code  y_a 
Empirical formula  C58 H42 Au Cl F12 N2 O9 P3 S4 Sb 
Formula weight  1714.25 
Temperature  110.06 K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P 1 21/c 1 
Unit cell dimensions a = 19.315(3) Å = 90°. 
b = 17.669(3) Å = 92.432(5)°. 
c = 20.852(3) Å  = 90°. 
Volume 7110.0(18) Å3 
Z 4 
Density (calculated) 1.601 Mg/m3 
Absorption coefficient 2.745 mm-1 
F(000) 3360 
Crystal size 0.4 x 0.3 x 0.23 mm3 
Theta range for data collection 2.111 to 26.514°. 
Index ranges -24<=h<=24, -22<=k<=22, -
26<=l<=26 
Reflections collected 127988 
Independent reflections 14590 [R(int) = 0.0817] 
Completeness to theta = 25.242° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7454 and 0.3598 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 14590 / 123 / 820 
Goodness-of-fit on F2 1.074 
Final R indices [I>2sigma(I)] R1 = 0.0707, wR2 = 0.1777 
R indices (all data) R1 = 0.1007, wR2 = 0.2109 
Extinction coefficient n/a 
Largest diff. peak and hole 5.975 and -2.504 e.Å-3 
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Table 8. Crystal data and structure refinement for [48][SbF6]. 
Identification code  y_a 
Empirical formula  C54 H42 Au Cl2 F6 P3 Sb2 
Formula weight  1409.15 
Temperature  110.0 K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1
Unit cell dimensions a = 12.6943(12) Å = 72.524(2)°. 
b = 15.3315(14) Å = 71.908(2)°. 
c = 16.2127(15) Å  = 79.442(2)°. 
Volume 2846.8(5) Å3 
Z 2 
Density (calculated) 1.644 Mg/m3 
Absorption coefficient 3.743 mm-1 
F(000) 1360 
Crystal size 0.35 x 0.25 x 0.04 mm3 
Theta range for data collection 2.630 to 26.430°. 
Index ranges -15<=h<=15, -19<=k<=19, -
20<=l<=20 
Reflections collected 49709 
Independent reflections 11687 [R(int) = 0.0352] 
Completeness to theta = 25.242° 99.8 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.4908 and 0.3201 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 11687 / 0 / 676 
Goodness-of-fit on F2 1.084 
Final R indices [I>2sigma(I)] R1 = 0.0400, wR2 = 0.1043 
R indices (all data) R1 = 0.0446, wR2 = 0.1082 
Extinction coefficient n/a 
Largest diff. peak and hole 4.950 and -2.281 e.Å-3 
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Table 9. Crystal data and structure refinement for [49][SbF6]2. 
Identification code y_a 
Empirical formula  C58 H48 Au Cl F12 N2 O P3 
Sb3 
Formula weight  1707.56 
Temperature  110.0 K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P 1 21/c 1 
Unit cell dimensions a = 24.568(4) Å = 90°. 
b = 13.335(2) Å = 105.184(3)°. 
c = 20.769(3) Å  = 90°. 
Volume 6566.9(17) Å3 
Z 4 
Density (calculated) 1.727 Mg/m3 
Absorption coefficient 3.634 mm-1 
F(000) 3280 
Crystal size 0.29 x 0.24 x 0.12 mm3 
Theta range for data collection 2.135 to 26.455°. 
Index ranges -30<=h<=30, -16<=k<=16, -25<=l<=25
Reflections collected 172118 
Independent reflections 13488 [R(int) = 0.0938] 
Completeness to theta = 25.242° 99.9 %  
Absorption correction Semi-empirical from 
equivalents 
Max. and min. transmission 0.7454 and 0.4821 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 13488 / 0 / 760 
Goodness-of-fit on F2 1.029 
Final R indices [I>2sigma(I)] R1 = 0.0559, wR2 = 0.1226 
R indices (all data) R1 = 0.0766, wR2 = 0.1308 
Extinction coefficient n/a 
Largest diff. peak and hole 3.848 and -1.706 e.Å-3 
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Table 10. Crystal data and structure refinement for [51][OTf]2. 
Identification code 3otf 
Empirical formula  C59 H46 Au Cl4 F9 O10 P3 S3 
Sb 
Formula weight  1735.56 
Temperature  110.0 K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P 1 21/c 1 
Unit cell dimensions a = 23.6441(18) Å = 90°. 
b = 17.5106(13) Å = 100.135(2)°. 
c = 47.455(4) Å  = 90°. 
Volume 19341(3) Å3 
Z 12 
Density (calculated) 1.788 Mg/m3 
Absorption coefficient 3.112 mm-1 
F(000) 10224 
Crystal size 0.327 x 0.314 x 0.204 mm3 
Theta range for data collection 2.096 to 27.610°. 
Index ranges -30<=h<=30, -22<=k<=22, -61<=l<=61
Reflections collected 461056 
Independent reflections 44469 [R(int) = 0.0593] 
Completeness to theta = 25.242° 99.8 %  
Absorption correction Semi-empirical from 
equivalents 
Max. and min. transmission 0.4305 and 0.1739 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 44469 / 3627 / 2341 
Goodness-of-fit on F2 1.378 
Final R indices [I>2sigma(I)] R1 = 0.0941, wR2 = 0.1684 
R indices (all data) R1 = 0.1111, wR2 = 0.1768 
Extinction coefficient n/a 
Largest diff. peak and hole 2.958 and -2.720 e.Å-3 
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Figure 41. (a) Structure of [46][NTf2]2 with one of the triflimide counter anion shown. 
This triflimide anion forms a weak contact with the gold center (Au1‒O1: 2.958(8)Å). 
(b) Structure of [51][OTf]2 with two of the triflate counter anions shown. Triflate anions
form an interaction with the gold center respectively (Au1‒O2: 2.256(7)Å, Au1‒O3:
2.680(7)Å and Sb1‒O4: 3.621(9)Å).
Computational Details. The structure of the complex was optimized using 
Density Functional Theory (DFT) as implemented in Gaussian 09 (functional 
B3LYP;151-152 mixed basis set Sb/Au cc-pVTZ-PP153; P/Cl/O 6-31g(d’), C/O/H 6-31g. 
with effective core potentials for the heavy elements).154-155 The optimized structures 
were subjected to a NBO analysis, performed with the B3LYP functional using the NBO 
6.0 program.156 The resulting NBOs were visualized and plotted using the Jimp 2 
program.157-159 The energy of the Sb-Au interaction was derived from the second order 
perturbation energy associated with the donor-acceptor interaction shown in Figure 28. 
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Table 11. XYZ coordinates of the optimized geometry of [46]2+. 
Sb    -0.683599    -0.083850    -0.603204 Cl   4.052111  0.171910  1.175114 
 P    -3.972480    -0.141763    -0.149328  P     1.886087    -2.330453    -0.077068 
 P     1.625174     2.430614    -0.045186  O    -2.822264    -0.263187    -1.213926 
 C    -1.643727    -0.136552  1.338200  C    -3.053642    -0.139824     1.416214 
 C    -3.682766    -0.176610  2.671726  H    -4.765720    -0.194059     2.741196 
 C    -2.914343    -0.200700  3.840778  H    -3.404285    -0.231015     4.807406 
 C    -1.517389    -0.191288  3.761193  H    -0.921348    -0.212970     4.666692 
 C    -0.880372    -0.159891  2.513078  H     0.203678    -0.157927     2.471381 
 C    -5.081473    -1.555765    -0.241181  C    -6.397123    -1.474016     0.262775 
 H    -6.784456    -0.537794     0.649930  C    -7.220575    -2.603319     0.246722 
 H    -8.232225    -2.536409     0.630878  C    -6.744317    -3.813319    -0.273123 
 H    -7.388830    -4.685308    -0.289417  C    -5.440294    -3.897938    -0.777956 
 H    -5.077032    -4.833902    -1.187780  C    -4.606443    -2.777188    -0.760439 
 H    -3.600576    -2.844631    -1.158652  C    -4.932106     1.372496    -0.308080 
 C    -4.691115  2.485825  0.523388  H    -3.955563  2.429744  1.318159 
 C    -5.414554  3.667150  0.335508  H    -5.236646  4.516865  0.985251 
 C    -6.373932  3.750652 -0.681041  H    -6.937354  4.666945 -0.819500 
 C    -6.613935  2.650769 -1.515781  H    -7.359834  2.715145 -2.300047 
 C    -5.900207  1.464353 -1.333154  H    -6.102351  0.614209 -1.976325 
 C     0.674045    -2.749678    -1.396989  C    -0.424112    -1.916750    -1.712076 
 C    -1.305899    -2.263731    -2.747460  H    -2.147264    -1.625166    -2.980606 
 C    -1.092460    -3.438345    -3.481886  H    -1.762051    -3.689391    -4.297275 
 C    -0.015958    -4.275008    -3.172426  H     0.150278    -5.184044    -3.739538 
 C     0.860526    -3.935137    -2.136677  H     1.701661    -4.582337    -1.914817 
 C     1.416010    -3.203594     1.448933  C  2.138321 -2.916902  2.628871 
 H     2.946675    -2.191464     2.614226  C  1.821260 -3.582439  3.816155 
 H     2.386491    -3.370049     4.717062  C  0.786052 -4.527292  3.840769 
 H     0.547861    -5.045671     4.763189  C  0.064578 -4.808248  2.674805 
 H    -0.732126    -5.543905     2.692025  C  0.374487 -4.150532  1.478911 
 H    -0.183841    -4.384178     0.579271  C  3.492639 -2.967799 -0.635919 
 C  4.071309 -4.107107 -0.044537  H  3.578938 -4.612306  0.777960 
 C  5.297156 -4.589338 -0.516766  H  5.740548 -5.465597 -0.057161 
 C  5.949955 -3.942070 -1.571280  H  6.902521 -4.316184 -1.929816 
 C  5.378323 -2.805825 -2.160635  H  5.888158 -2.299503 -2.972595 
 C  4.157489 -2.315918 -1.695169  H  3.731998 -1.425710 -2.148185 
 C  0.317211  2.761942 -1.292941  C     0.322975     4.002476    -1.963004 
 H     1.098523     4.728769    -1.746180  C    -0.650340     4.299429    -2.922890 
 H    -0.624206     5.254324    -3.435874  C    -1.644437     3.364204    -3.224331 
 H    -2.393009     3.586928    -3.976640  C    -1.673281     2.128915    -2.563877 
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 H    -2.449584     1.411528    -2.792318  C    -0.693951     1.823480    -1.606823 
 C     3.139788     3.196455    -0.695378  C  3.616667  2.790335 -1.960347 
 H  3.073264  2.053290  -2.544500  C  4.790136  3.342964 -2.474449 
 H  5.151629  3.031600  -3.448269  C  5.501215  4.297133 -1.732714 
 H  6.415297  4.721776  -2.132733  C  5.033620  4.700539 -0.477832 
 H  5.582124  5.438509   0.096668  C  3.856937  4.153197  0.045935 
 H  3.508501  4.470594   1.021328  C  1.168708  3.246548  1.517751 
 C  0.141314  4.208157  1.582047  H    -0.420915     4.475389     0.694471 
 C -0.151488     4.835594     2.797848  H    -0.936650     5.582664     2.840648 
 C  0.572794  4.512131  3.951282  H  0.347608  5.007609   4.889419 
 C  1.593302  3.553939  3.892812  H  2.161025  3.307550   4.783438 
 C  1.892888  2.916729  2.684943  H  2.691602  2.181813   2.645389 
Au  1.861579  0.056176  0.175606 
Table 12. . XYZ coordinates of the optimized geometry of [51]2+. 
Au    -1.379917     0.140421    -0.241045  C  0.391187  3.920977 -2.398704 
Sb     1.238881    -0.075678    -0.701904  H -0.400418     4.657617    -2.318519
 S    -4.009493     0.544665     1.593954  C -0.537650     3.377381     1.117193
 P    -1.436137    -2.256058    -0.541697  C  0.344371  4.477788  1.072709 
 P    -1.029218     2.521741    -0.416524  H  0.780067  4.799944  0.134068 
 P     4.391279    -0.255731     0.213810  C  0.657387  5.170646  2.245525 
 F    -6.376463    -0.408544     0.775232  H  1.327783   6.022180  2.202213 
 F    -4.931378    -1.954736     1.518128  C  0.098193  4.777024   3.468006 
 F    -5.978748    -0.608310     2.973040  H     0.334877   5.324658  4.373763 
 O     3.389655    -0.315662    -1.005655  C    -0.771560  3.681817  3.518737 
 O    -3.564660     0.304986     0.130997  H    -1.214238  3.377789  4.460704 
 O    -2.963146     0.041796     2.534812  C    -1.087931  2.976736  2.352438 
 O    -4.569115     1.883346     1.835104  H    -1.765774  2.133935  2.417486 
 C    -0.176465    -2.593961    -1.836050  C    -2.499554  3.323080  -1.111165 
 C  0.998658 -1.815941 -1.945067  C    -3.297565  4.172013  -0.321417 
 C  1.971486 -2.122665 -2.908383  H    -3.026300  4.391572  0.703643 
 H  2.875650 -1.532484  -2.980554  C    -4.464058  4.725667 -0.858749 
 C  1.764776 -3.195121 -3.787766  H    -5.077395  5.375878 -0.245740 
 H  2.507279 -3.415820  -4.546735  C    -4.842121  4.434809 -2.173577 
 C  0.601727 -3.965176 -3.696423  H    -5.749347  4.864508 -2.583683 
 H     0.438446    -4.790427    -4.380409  C    -4.053182  3.584434 -2.962129 
 C    -0.360699    -3.671695    -2.723225  H    -4.346488  3.360530 -3.981855 
 H    -1.260108    -4.273932    -2.658912  C    -2.889486  3.023051 -2.435675 
 C    -0.975914    -3.242040     0.919536  H    -2.284902  2.367778 -3.056010 
 C     0.001581    -4.255144     0.843192  C     1.875950    -0.182861     1.361553 
 H     0.516331    -4.456406    -0.089282  C     3.260868    -0.237866     1.633634 
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 C     0.301770    -5.021920     1.973889  C  3.703069 -0.314186  2.964629 
 H     1.046804    -5.807295   1.907509  H  4.763623 -0.370484  3.187599 
 C    -0.365234    -4.786308  3.181959  C  2.774326 -0.328708   4.011498 
 H    -0.135546    -5.388815  4.054092  H  3.120352  -0.389909  5.037075 
 C    -1.333969    -3.777618  3.262806  C  1.403844 -0.270012   3.735625 
 H    -1.856369    -3.595836  4.195579  H  0.683374  -0.285421  4.545574 
 C    -1.641240    -3.001445  2.141292  C  0.949163 -0.196785   2.411284 
 H    -2.390559    -2.222324  2.223047  H -0.119054    -0.155604     2.225224
 C    -3.035188    -2.840681 -1.164054  C  5.439620 -1.715673   0.230614 
 C    -3.601012    -4.040176 -0.688116  C  5.016935 -2.884675  -0.434002 
 H    -3.101379    -4.618023  0.080469  H  4.095793  -2.883172 -1.005210 
 C    -4.824343    -4.482360    -1.201424  C  5.798402 -4.041180  -0.372112 
 H    -5.258704    -5.404388    -0.831699  H  5.478188  -4.936668 -0.893037 
 C    -5.489449    -3.734355    -2.179685  C  6.995830 -4.043606   0.354814 
 H    -6.441883    -4.077352    -2.568472  H  7.599942  -4.943055  0.399755 
 C    -4.933552    -2.536775    -2.650266  C  7.419569 -2.885122   1.018393 
 H    -5.455825    -1.951402    -3.398513  H  8.350291  -2.885905  1.574412 
 C    -3.713662    -2.085839    -2.143906  C  6.649711 -1.720459   0.957391 
 H    -3.303670    -1.145351    -2.498052  H  6.999183  -0.823769  1.458064 
 C  0.333339  2.744265 -1.626094  C  5.415074  1.220454  0.211131 
 C  1.367923  1.790502 -1.762660  C  6.553733  1.267061 -0.624331 
 C  2.443240  2.024163 -2.632642  H  6.839949  0.401918 -1.212915 
 H  3.242157  1.299809  -2.718897  C  7.325906  2.428935 -0.686393 
 C  2.480193  3.199950 -3.394338  H  8.202170  2.459526 -1.324121 
 H  3.303964  3.368695  -4.078993  C  6.974855  3.547829  0.081001 
 C  1.454682  4.142758 -3.281209  H  7.583120  4.444643  0.037410 
 H  1.477625  5.048823  -3.876311  C  5.845447  3.509337  0.908378 
 H  5.580346  4.374122   1.506274  H  4.193411  2.332398  1.622457 
 C  5.062742  2.353521  0.974471  C    -5.418683    -0.670758     1.721928 
Table 13. Selected bond lengths (Å) and angles (°) for complexes [46][NTf2]2 as 
determined crystallographically and optimized computationally. 
Parameter 
[46][NTf2]2 [46]2+
X-ray DFT 
Sb(1)-Au(1) 2.6269(7) 2.6654 
Au(1)-Cl(1) 2.398(2) 2.4105 
Au(1)-O(2) 2.958(8) 
Sb(1)-O(1) 2.206(7) 2.2314 
Sb(1)-Au(1)-Cl(1) 176.39(6) 172.49 
Sb(1)-Au(1)-O(2) 75.62(17) 
C(37)-Sb(1)-C(19) 119.8(4) 119.55 
70 
Table 13 Continued 
Parameter 
[46][NTf2]2 [46]2+
X-ray DFT 
C(1)-Sb(1)-C(19) 116.8(4) 115.89 
C(37)-Sb(1)-C(1) 120.1(4) 120.86 
O(1)-Sb(1)-Au(1) 177.27(17) 178.08 
P(2)-Au-P(3) 166.25(9) 167.58 
Table 14. Selected bond lengths (Å) and angles (°) for complexes [49][SbF6]2 and 
[51][OTf]2 as determined crystallographically and optimized computationally. 
Parameter [49][SbF6]2 [49]
2+ [51][OTf]2 [51]2+
X-ray DFT X-ray DFT 
Sb(1)-Au(1) 2.6191(6) 2.66535 2.6330(7) 2.66781 
Au(1)-Cl(1) 2.389(2) 2.41057 - - 
Au(1)-Cl(2) - - - 
Au(1)-O(2) - - 2.241(6) 2.22230 
Sb(1)-O(1) 2.181(5) 2.23137 2.162(6) 2.18533 
Sb(1)-Au(1)-Cl(1) 175.18(7) 172.49232 - - 
Sb(1)-Au(1)-Cl(2) - - - - 
Sb(1)-Au(1)-O(2) - - 170.20(19) 179.49095 
C(37)-Sb(1)-C(19) 124.4(3) 120.86178 124.6(4) 115.05517 
O(1)-Sb(1)-Au(1) 176.73(15) 178.07427 177.90(17) 177.45288 
P(2)-Au-P(3) 167.56(6) 167.57992 169.45(8) 166.68127 
Synthesis of [45][Cl]. A CH2Cl2 solution (5 mL) of complex 44 (200 mg, 0.165 
mmol) was treated with one equivalent of H2O2 (13 l, 0.165 mmol). After the resulting 
mixture was stirred for 30 min, the solvent was evaporated under vacuum. 
Recrystallization of the residue from CH2Cl2/pentane yielded a pale-yellow solid (146 
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mg, 72%). Single crystals of [45a][Cl] suitable for X-ray diffraction were obtained by 
diffusion of diethyl ether into a concentrated CH2Cl2 solution of [45a][Cl]/ 45b-Cl at 
room temperature. 31P{1H} NMR (202.16 MHz; CD2Cl2):  96.08 (s, 2 P), 61.67 (s, 0.9 
P), 44.31 (s, 1 P), 41.69 (s, 0.45 P).  Elemental analysis calcd (%) for 
C54H42AuCl3OP3Sb: C, 52.95; H, 3.46. Found: C, 52.66; H, 3.74. 
Figure 42. 31P{1H} NMR spectrum of [45][Cl] in CD2Cl2 showing the co-existence of 
[45a][Cl] and 45b-Cl. 
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Figure 43. 31P MAS  NMR spectrum of [45a][Cl] at (a) 6.0 kHz and (b) 5.2 kHz. The 
relevant peaks have been marked by an asterisk (*). 
Synthesis of [46][NTf2]2 To a stirred solution of [45][Cl] (195 mg, 0.159 mmol) 
in CH2Cl2 (5 mL) was added solid AgNTf2 (124 mg, 0.320 mmol). After the resulting 
mixture was stirred for 1 h, the solution was filtered through Celite. The filtrate was 
brought to dryness. Recrystallization of the residue from CH2Cl2/pentane yielded a 
colorless solid (218 mg, 80%). Single crystals of [46][NTf2]2 suitable for X-ray 
diffraction were obtained by diffusion of diethyl ether into a concentrated CH2Cl2 
solution of [46][NTf2]2 at room temperature. 1H NMR (499.42 MHz; CD2Cl2):  6.53 (d, 
3JH-H = 7.7 Hz, 1H), 6.71 (t, 3JH-H= 7.7 Hz, 1H), 7.31‒7.47 (m, 15H), 7.49‒7.56 (m, 3H), 
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7.57‒7.65 (m, 12H), 7.69‒7.77 (m, 4H), 7.77‒7.83 (m, 4H), 8.78 (d, , 2H, o-P(Sb)C6H4, 
3JH-H= 7.9 Hz). 13C{1H} NMR (125.58 MHz; CD2Cl2):  120.14 (q, NTf2, J = 321.42 
Hz), 123.28 (s), 123.73 (m), 124.73 (s), 127.80 (s), 128.61 (s), 128.64 (t, J = 32.02 Hz), 
130.37 (m), 132.73 (d, JC-P = 12.02 Hz), 133.16 (t, JC-P= 6.29 Hz), 133.69 (d, JC-P = 
12.40 Hz), 134.32 (s), 134.50 (m), 134.83 (t, JC-P = 4.42 Hz), 135.07 (t, JC-P = 6.94), 
135.63 (s), 135.74 (s), 136.11(d, JC-P = 2.77 Hz), 136.63 (d, JC-P = 8.05 Hz), 137.31 (t, 
JC-P = 4.23), 138.25 (t, JC-P = 8.11), 145.23 (t, JC-P = 16.83). 31P{1H} NMR (202.16 
MHz; CD2Cl2):  68.65 (s, 2P), 42.29 (s, 1P).  Elemental analysis calcd (%) for 
C54H42AuClF12OP3Sb3: C, 40.64; H, 2.4und: C,40.28; H, 2.46. 
Figure 44. 1H NMR spectrum of [46][NTf2]2 in CD2Cl2. The CD2Cl2 solvent peak has 
been marked by an asterisk (*). 
Figure 45. 31P{1H} NMR spectrum of [46][NTf2]2 in CD2Cl2. 
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Figure 46. 13C{1H} NMR spectrum of [46][NTf2]2 in CD2Cl2.  The CD2Cl2 solvent peak 
has been truncated and marked by an asterisk (*). 
Generation of [47][NTf2]2. To a solution of [45][Cl] (10 mg, 0.012 mmol) in 
CH2Cl2 (0.5 mL) was added solid AgNTf2 (9.5 mg, 0.036 mmol). The generation of 
[47][NTf2]2 was observed in situ by 31P{1H} NMR. 31P{1H} NMR (202.16 MHz; 
CD2Cl2):  67.91(s, 2P), 49.13 (s, 1P). 
Synthesis of [48][SbF6] To a stirred solution of 44 (50 mg, 0.04 mmol) in 
CH2Cl2 (5 mL) was added solid AgNTf2 (16 mg, 0.04 mmol). After the resulting mixture 
was stirred for 10 minutes, the solution was filtered through Celite. The filtrate was 
brought to dryness. Recrystallization of the residue from CH2Cl2/pentane yielded a 
colorless solid.  (47 mg, 83%). Single crystals of [48][SbF6] suitable for X-ray 
diffraction were obtained by diffusion of diethyl ether into a concentrated acetonitrile 
solution of [48][SbF6] at room temperature. 31P{1H} NMR (202.16 MHz; CD2Cl2):  
42.72.  Elemental analysis calcd (%) for C54H42AuCl2F6P3Sb2: C, 46.02; H, 3.00. Found: 
C, 45.82; H, 3.05. 
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Figure 47. 31P{1H} NMR spectrum of [48][SbF6] in CD2Cl2. 
Synthesis of [49][SbF6]2 To a stirred solution of [45][Cl] (195 mg, 0.159 mmol) 
in CHCl3 (5 mL) was added solid AgSbF6 (110 mg, 0.320 mmol). After the resulting 
mixture was stirred for 16 h, the solution was filtered. The precipitate was extracted by 
CH2Cl2 and the filtered through Celite. The filtrate was brought to dryness. The 
recrystallization of the residue from CH2Cl2/pentane yielded a colorless solid (218 mg, 
86%). Single crystals of [49][SbF6]2 suitable for X-ray diffraction were obtained by 
slowly vaporization of CHCl3 solution at room temperature. 1H NMR (499.42 MHz; 
CD2Cl2):  6.59 (dd, J= 7.7, 2.4 Hz, 1H), 6.77 (tt, J= 7.7, 1.3 Hz, 1H), 7.37‒7.48 (m, 
15H), 7.53‒7.57 (m, 3H), 7.59‒7.66 (m, 12H), 7.73‒7.87 (m, 8H), 8.81 (d, J= 7.9 Hz, 
2H). 13C{1H} NMR (125.58 MHz; CD2Cl2):  122.83‒123.61 (m), 124.28 (s), 127.40 
(s), 128.41 (t, J = 28.5 Hz), 130.11 (dd, J = 52.8, 39.3 Hz), 132.43 (d, J = 11.7 Hz), 
132.81 (s), 133.55 (d, J = 11.7 Hz), 134.20 (s), 134.63 (s), 135.21 (s), 135.42 (s), 135.79 
(s), 136.70 (s), 137.19 (s), 138.47 (s), 144.91 (t, J = 14.3 Hz). 31P{1H} NMR (202.16 
76 
MHz; CD2Cl2):  69.33, 42.49. Elemental analysis calcd (%) for C54H42AuClF12OP3Sb3: 
C, 39.90; H, 2.60. Found: C, 39.73; H, 2.40.  
Figure 48. 1H NMR spectrum of [49][SbF6]2 in CD2Cl2. The CD2Cl2 solvent peak has 
been marked by an asterisk (*). 
Figure 49. 13C{1H} NMR spectrum of [45][SbF6]2  in CD2Cl2.  The CD2Cl2 solvent peak 
has been truncated and marked by an asterisk (*). 
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Figure 50. 31P{1H} NMR spectrum of [49][SbF6]2 in CD2Cl2. 
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Generation of [50][SbF6]2. To a solution of [49][SbF6]2 (10 mg, 0.012 mmol) in 
CH2Cl2 (0.5 mL) was added solid AgOTf (3.1 mg, 0.012 mmol). The generation of 
[50][SbF6]2 was observed in situ by 31P{1H} NMR (202.16 MHz; CD2Cl2):  68.01(s, 
2P), 46.76 (s, 1P). 
Synthesis of [51][OTf]2 To a stirred solution of [45][Cl] (100 mg, 0.082 mmol) 
in CH2Cl2 (5 mL) was added solid AgOTf (210 mg, 0.817 mmol). After the resulting 
mixture was stirred for 1 h, the solution was filtered and the solvent was evaporated 
under vacuum. Recrystallization of the residue from CH2Cl2/diethyl ether yielded a 
colorless solid of [51][OTf]2⦁2(CH2Cl2) (73mg, 74%). Single crystals of [51][OTf]2 
suitable for X-ray diffraction were obtained by pentane slowly diffusion into a CH2Cl2 
solution at room temperature. 1H NMR (499.42 MHz; CD2Cl2):  6.90–6.99 (m, 2H), 
7.29 (ddd, J = 8.8, 6.1, 1.1 Hz, 2H), 7.34–7.40 (m, 8H), 7.42–7.47 (m, 2H), 7.47–7.55 
(m, 5H), 7.60–7.69 (m, 9H), 7.72–7.82 (m, 8H), 7.82–7.90 (m, 4H), 8.76 (d, J = 8.0 Hz, 
2H). 13C{1H} NMR (125.58 MHz; CD2Cl2):  118.99 (br), 122.36 (m), 127.09, 127.90, 
128.90, 129.16, 129.42, 129.68 (t, J = 6.4 Hz), 130.15, 130.27 (m), 132.43 (d, J = 12.3 
Hz), 133.20 (t, J = 6.1 Hz), 134.08, 134.39, 134.76, 135.06(m), 135.18, 135.74 (d, J = 
11.4 Hz), 136.06 (d, J = 2.5 Hz), 136.59 (br), 136.96 (t, J = 8.1 Hz), 143.40 (t, J = 15.4 
Hz). 31P{1H} NMR (202.16 MHz; CD2Cl2):  67.09, 46.41. Elemental analysis calcd (%) 
for C59H46AuF9O10P3S3SbCl2: C, 40.83; H, 2.67. Found: C, 40.74; H, 2.70. 
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Figure 51. 1H NMR spectrum of [51][OTf]2  in CD2Cl2. The CD2Cl2 solvent peak has 
been marked by an asterisk (*). 
Figure 52. 13C{1H} NMR spectrum of [51][OTf]2 in CD2Cl2.  The CD2Cl2 solvent peak 
has been truncated and marked by an asterisk (*). 
Figure 53. 31P{1H} NMR spectrum of [51][OTf]2 in CD2Cl2. 
Polymerization of styrene. Styrene (610 mg, 5.83 mmol) was mixed with the 
[45][Cl] (0.1 mol%, 10 mg, 0.008 mmol) and AgNTf2 (0.3 mol%, 9.5 mg, 0.024 mmol) 
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in CD2Cl2 (0.5 mL). The solvent was evaporated under vacuum and the residue was 
taken up in CH2Cl2 (5 mL) and filtered through Celite. The filtrate was concentrated.  
Precipitation of the polymer was induced by addition of 10 mL of methanol. The 
polymer was collected by filtration and washed with methanol (3 × 2 mL), diethyl ether 
(3 × 2 mL), and dried under vacuum (445 mg, 73% yield). 
Figure 54. 1H NMR spectrum for styrene polymerization catalyzed by [45a][Cl]/3 
AgNTf2 in CD2Cl2. The CD2Cl2 solvent peak has been marked by an asterisk (*). 
General Procedure for the hydroamination of styrene and substituted 
styrenes with TsNH2. Catalytic reactions were carried out under N2. In a typical 
experiment, styrene (12.0 mg, 0.12 mmol) was mixed with the [46][NTf2]2 (5 mol%, 10 
mg, 0.006 mmol), AgNTf2 (5 mol%, 2.3 mg, 0.006 mmol) and TsNH2 (39.9 mg, 0.23 
mmol) in CD2Cl2 (0.5 mL). The yield was established by 1H NMR spectroscopy using 
1,2-dichloroethane (4.3 mg, 0.043 mmol) as an internal standard. 
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Figure 55. 1H NMR spectrum measured during the hydroamination of styrene catalyzed 
by [46][NTf2]2/ AgNTf2 in CD2Cl2. The hydroamination product peak is marked by an 
asterisk (*). The internal standard is marked by a pound sign (#). 
Figure 56. 1H NMR spectrum measured during the hydroamination of 4-fluoro styrene 
catalyzed by [46][NTf2]2/ AgNTf2 in CD2Cl2. The hydroamination product peak is 
marked by an asterisk (*). The internal standard is marked by a pound sign (#). 
81 
Figure 57. 1H NMR spectrum measured during the hydroamination of 4-chloro styrene 
catalyzed by [46][NTf2]2/ AgNTf2 in CD2Cl2. The hydroamination product peak is 
marked by an asterisk (*). 
Figure 58. 1H NMR spectrum measured during the hydroamination of 4-methyl styrene 
catalyzed by [46][NTf2]2/ AgNTf2 in CD2Cl2. The hydroamination product peak is 
marked by an asterisk (*). The internal standard is marked by a pound sign (#). 
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Figure 59. 1H NMR spectrum measured during the hydroarylation of styrene with phenol 
catalyzed by [49][SbF6]2/ AgOTf in CD2Cl2. The hydroarylation product peak is marked 
by an asterisk (*o for ortho-substituted and *p for para-substituted). The internal standard 
is marked by a pound sign (#). 
Figure 60. 1H NMR spectrum measured during the hydroarylation of styrene with p-
cresol catalyzed by [49][SbF6]2/ AgOTf in CD2Cl2. The hydroarylation product peak is 
marked by an asterisk (*). The internal standard is marked by a pound sign (#). 
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Figure 61. 1H NMR spectrum measured during the of styrene with anisole catalyzed by 
[49][SbF6]2/ AgOTf in CD2Cl2. The hydroarylation product peak is marked by an 
asterisk (*). The internal standard is marked by a pound sign (#). 
Figure 62. 1H NMR spectrum measured during the polymerization of ethyl vinyl ether 
catalyzed by [49][SbF6]2/ AgSbF6 in CD2Cl2. 
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Figure 63. 1H NMR spectrum measured during the polymerization of vinyl acetate 
catalyzed by [49][SbF6]2/ AgOTf in CD2Cl2. 
Figure 64. 1H NMR spectrum measured during the polymerization of 2,3-dimethyl-1,3-
butadiene catalyzed by [49][SbF6]2/ AgSbF6 in CD2Cl2. 
Gel Permeation Chromatography (GPC). GPC was conducted on a system 
equipped with a Waters Chromatography, Inc. model 1515 isocratic pump, a model 2414 
differential refractometer, and a three-column set of Polymer Laboratories, Inc. Styragel 
columns (PLgel 5 mMixed C, 500 Å, and 104 Å, 300 × 7.5 mm columns). The system 
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was equilibrated at 35°C in THF, which served as the polymer solvent with 1.00 mL/min 
flow rate. Polymer solutions were prepared at a known concentration (ca. 5 mg/mL) and 
an injection volume of 50 L was used. 
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CHAPTER III  
CONTROLLING THE PROPERTIES OF A 2,2’-BIPY-PLATINUM DICHLORIDE 
COMPLEX VIA OXIDATION OF A PERIPHERAL STIBINE MOIETY* 
3.1 Introduction 
Antimony (V) compounds are emerging as powerful Lewis acid catalysts for a 
number of organic transformations. Earlier studies showed that stibonium cations such 
as [Ph4Sb]+ catalyze the addition of isocyanates to epoxides.160-161 More recently, 
stibonium cations118, 162-163 have found use as catalysts for the allylstannation and the 
hydrosilylation of various aldehydes164-165 among other reactions.117, 166-168 Antimony-
based Lewis acids can also activate transition metal catalysts by abstraction of an anionic 
ligand.55, 60, 169  Such a possibility is illustrated by the properties of complex 5266 or 5353 
which catalyze reactions involving alkynyl substrates (Figure 65). In both cases, it has 
been proposed that the Lewis acidic antimony center of these complexes engages the 
metal-bound chloride anion, leading to the generation of an exposed, electrophilic metal 
center available for substrate activation. 
* Reprinted with permission from: "Controlling the properties of a 2,2’-bipy-platinum dichloride complex
via oxidation of a peripheral stibine moiety"; Lo, Y.-H.; Gabbaï F. P. Organometallic 2018, 37(15), 2500-
2506. Copyright 2018 by American Chemical Society.
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Figure 65. Complex 52 and 53: Stibonium-promoted activation of a transition metal 
halide bond by an incoming substrate. Complex [40SbPh]2+: Sb(V)-substituted 
cyclometalated Ru(II) polypyridyl complex. 
A situation that has received less attention is that involving transition metal 
complexes where the antimony moiety is positioned at the outer rim of a coordination 
complex as in the case of [40SbPh]2+.90 A detailed study of this complex showed that the 
antimony moiety, despite its large separation from the metal center, alters the redox 
properties of the latter.  Indeed, we observed a net anodic shift in the Ru(II/III) redox 
couple upon oxidation of the antimony center leading us to conclude that the high valent 
antimony moiety is electron-withdrawing. Building on these original results, antimony-
substituted 2,2’-bipyridine ligands were selected as a model system in order to determine 
if the redox activity of the peripheral antimony center can be used to influence the 
reactivity of a transition metal coordinated to the 2,2’-bipyridine ligand (Figure 66). In 
this article, we describe the synthesis of an antimony-substituted ligand and its 
coordination to platinum. We also describe how oxidation of the antimony center affects 
the photophysical properties of the complex as well as its reactivity.  
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Figure 66. Outline of work mentioned within. 
3.2 Synthesis and characterizaion of Pt complexes with Sb-substituted bipyridine 
ligands 
The synthesis of the 4-(diphenylstibino)-2-2’-bipyridine ligand 54 was achieved 
by lithiation of 4-bromobipyridine followed by reaction with Ph2SbCl (Figure 67a).170 
This ligand is an air-stable solid which could be easily crystallized.  The 1H NMR 
spectrum is consistent with that expected for a 4-substituted 2,2’-bipyridine derivative 
with each hydrogen on the ligand backbone being chemically distinct. This ligand 
crystallizes in the P21/n space group with two nearly identical molecules in the 
asymmetric unit.  The geometry of the antimony atom is close to that expected for a 
triarylstibine, with C—Sb—C bond angles close to 90° (Figure 67b). 
89 
Figure 67. (a) Synthesis of 54. (b) Solid-state structure of 54.  Thermal ellipsoids are 
drawn at the 50% probability level. The phenyl groups are drawn in wireframe, the 
hydrogen atoms, interstitial solvent molecules and counter anions are omitted for clarity. 
This ligand reacts cleanly with [(CH3CN)2PtCl2] in acetonitrile to afford the 
corresponding platinum (II) complex 55 as an air-stable yellow solid (Figure 68).171 
Inspection of the 1H NMR spectrum of 55 shows that complexation of the platinum ion 
induces a notable downfield shift of the proton attached to the 3-position of the 
bipyridine backbone from  = 8.5 ppm to  = 8.7 ppm. Given that both the antimony and 
platinum centers of 55 could be oxidized by two electrons118, 167, 172, we became eager to 
interrogate the compound by addition of iodobenzene dichloride (PhICl2). When 
attempted in acetonitrile, this reaction gave an intractable mixture of compounds which 
we assign to the poor solubility of 55 in this solvent. Gratifyingly, the reaction 
proceeded cleanly in DMSO to afford complex 56 as the oxidized product.  The 1H 
NMR spectrum of complex 56 shows a further downfield shift of the 1H NMR 
resonances. The first hint that oxidation had occurred at the antimony atom was provided 
by the resonance of the antimony-bound Ph groups which appear in 7.2—7.4 ppm range 
for 55 and the 7.5—7.8 ppm range for 56.  Oxidation of the antimony center was 
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confirmed by the structural characterization of 56 (vide infra).  It is interesting to note 
that addition of up to four equivalents of PhICl2 did not alter the fate of this reaction, 
indicating that the platinum center resists oxidation to the tetravalent state. 
Figure 68. Synthesis of complex 55 and 56. 
The structure of complexes 55 and 56 have been determined using X-ray 
diffraction analysis (Figure 69).  The asymmetric unit of both complexes contains two 
independent molecules which display very similar geometries.  In the case of 55, the two 
independent molecules are engaged in the formation of an extended stack.  Within this 
stack, the bipyridyl-platinum dichloride units of the successive molecules are essentially 
parallel to each other and are separated by an average distance of 3.40 Å (See SI).  In the 
case of 56, the two independent molecules form a stacked dimer with a separation of 
3.32 Å between the bipyridyl-platinum dichloride units of the two molecules (See SI).  
In both complexes, the platinum(II) atoms are tetracoordinate in a square planar 
geometry, as expected for a heavy metal center with a d8 electronic configuration. The 
N-Pt-N bond angles for complexes 55 and 56 are compressed to av. 80.5(4)° and av.
80.3(4)° respectively, relative to the ideal value of 90°, which is characteristic of Pt(II) 
bipyridine and diamine complexes.173 Complex 56 contains a pentacoordinated antimony 
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center that adopts a distorted trigonal bipyramidal geometry with the two chloride 
ligands occupying the axial positions (av. Cl-Sb-Cl =176.12(13)°). This geometry 
follows the apicophilicity of the electronegative halogen ligands as typically observed 
for dihalotriarylstiboranes.174 Interestingly, the Pt—Cl bonds involving the chlorine trans 
to the antimony-substituted pyridine ring are marginally shorter in complex 56 than that 
in complex 55 (av. 2.293(3) Å vs. av. 2.318(3) Å), suggesting a reduction of the trans 
influence of the N1 atom upon oxidation.175 This result suggests that the oxidation state 
of the antimony center can be used to adjust the donor strength of the bipyridine ligand. 
Figure 69. Solid-state structure of (a) 55 and (b) 56.  Thermal ellipsoids are drawn at the 
50% probability level. The phenyl groups are drawn in wireframe, the hydrogen atoms, 
interstitial solvent molecules and counter anions are omitted for clarity. 
3.3 Photophysical properties and computational study of complex 55 and 56 
The photophysical properties of platinum(II) complexes featuring bipyridyl 
ligands can be used to map the electronic structure of the complexes.176 Such complexes 
are characterized by two main absorption features.  The low energy feature is a metal-to-
ligand charge transfer (MLCT) band which is followed at higher energy by a ligand 
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centered -* transition (Figure 70).177 While the -* transitions are often obscured by 
other high energy bands, the MLCT appear at lower energy, in an area that does not 
suffer from such interferences. For this reason, we decided to focus on the MLCT band. 
The max of the MLCT band of 55 (max = 387 nm) shows a small but noticeable red shift 
when compared to the parent complex (bipy)PtCl2 (max = 383 nm). This small shift 
indicates that incorporation of the diphenylantimony moiety alters the electronic 
properties of the bipy ligand only to a very small extent.  A more noticeable shift of 10 
nm is observed upon oxidation of the antimony center as in (max (56) = 397 nm). This 
effect is consistent with a lowering of the bipyridine * orbitals upon oxidation of the 
antimony center. 
Figure 70. Experimental UV-vis. spectra of 55, 56 and (bipy)PtCl2 in MeCN at room 
temperature. 
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The gas-phase optimized structures of 55 and 56 using DFT methods are in 
reasonable agreement with the structures determined experimentally (see Supporting 
Information). The contours and energies of the Kohn-Sham LUMO and HOMO are 
presented in Table 15. In both complexes, the HOMO can be described as an 
antibonding Pt(dyz)-Cl(pz) *-orbital, the energy of which is lowered by 0.14 eV upon 
oxidation. The LUMO of both complexes is based on the antimony-substituted bipy 
ligand. This orbital, which has * character, shows a lowering of 0.21 eV upon 
conversion of 55 into 56. The net effect of these changes is a decrease of the HOMO-
LUMO gap from 2.87 eV (432 nm) in 55 to 2.79 eV (444 nm) in 56, which is in good 
agreement with the red shift observed by UV-vis. spectroscopy 
Table 15. Frontier Molecular Orbitals (Isovalue 0.05) and Energies (eV) of 55 and 56. 
55 56 
LUMO 
-2.77452 eV -2.98647 eV
HOMO 
-5.64705 eV -5.78313 eV
The electronic absorption bands of 55 and 56 were examined with time-
dependent (TD) calculations using the solute electron density-based implicit solvation 
model (SMD) with MeCN as a solvent. These calculations indicate that the MLCT band 
in both complexes is dominated by a distinctly intense single electronic excitation at 378 
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nm for 55 (f = 0.14) and 382 nm of 56 (f = 0.15) (Figure 71). Weaker excitations are 
observed at 383 nm and 434 nm for 56 and 379 nm and 415 nm for 55. Analysis of the 
TD-DFT output using the natural transition orbital (NTO) methods shows that these low 
energy excitations have the expected MLCT character as indicated by inspection of the 
dominant NTOs given in Table 16 for the first three excited singlet states. It is also 
important to note that the electronic excitations identified for 56 are at lower energy than 
those of 55, again in agreement with the red shift observed experimentally 
Figure 71. Experimental UV-vis spectrum and calculated vertical electronic transitions 
(represented by bars) of 55 and 56 in MeCN.  The wavelengths of the calculated 
transitions are plotted against the oscillator strength. 
On the basis of the NTOs shown in Table 16, it appears that transitions with low 
oscillator strengths are those for which the platinum-centered donor orbital has poor 
overlap with the ligand π* acceptor orbital. The most intense transitions in both 
complexes are those involving the third donor orbital. The oscillator strengths of these 
transitions are at least 10 times larger than those of the first and second transition, a 
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result that can be explained on the basis of the apparent better overlap existing between 
the donor and acceptor NTOs.178 
Table 16. Dominant NTOs, calculated wavelengths () and oscillator strength (f) for the 
first three excited singlet states of 55 and 56.[a]  
55 56 
Acceptor 
NTOa 
Donor NTO 
for the 1st 
transition 
 = 415 nm, f = 0.011  = 434 nm, f = 0.007
Donor NTO 
for the 2nd 
transition 
 = 379 nm, f = 0.013  = 383 nm, f = 0.004
Donor NTO 
for the 3rd 
transition 
 = 378 nm, f = 0.139  = 382 nm, f = 0.147
[a]The acceptor orbitals are the same for all three transitions.
3.4 Electrochemical property of complex 55 and 56 
The electrochemistry of 55, 56 and (bipy)PtCl2 was also investigated using cyclic 
voltammetry (CV) (Figure 73). Compound 55 and (bipy)PtCl2 both display a quasi-
reversible reduction wave at E1/2 = -1.57V and -1.590V, respectively, corresponding to 
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the reduction of the bipyridine ligand.176  The similarity of these potentials indicates that 
the diphenylantimony moiety is innocent and only induces a very minor perturbation of 
the electronic properties of the ligand.  The voltammogram of complex 56 features two 
irreversible reduction events and thus differs markedly from that of 55 and (bipy)PtCl2. 
While it is difficult to assign the nature of these reductions, we will note that the first 
event occurs at Ep -1.2V.  This potential is distinctly more anodic than the first reduction 
of 55 and (bipy)PtCl2 indicating the 56 is a more electron deficient compound. 
56
55
(bipy)PtCl2
Figure 72. Cyclic voltammograms of 55, 56 and (bipy)PtCl2 in DMF with 0.1 M 
[nBu4N][PF6] as electrolyte. Scan rate 0.1 V/s, potentials referenced to Fc/Fc+ in the 
same solvent. 
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3.5 Catalytic hydroarylation of ethylpropiolate with mesitylene 
Having measured the effect of oxidation on the optoelectronic properties of these 
complexes, we next became interested in probing whether the reactivity of the platinum 
center could also be affected by oxidation of the peripheral antimony atom.  We have 
observed such cooperative effects in the case of the antimony gold complex [19]+ which 
becomes catalytically active upon conversion into [20]+ by oxidation of the antimony 
atom (Figure 73).61 
Figure 73. Cooperative effects in the case of antimony gold complex. 
In the present case however, we questioned whether the greater separation would 
cancel any cooperative effects between antimony and platinum. To address this question, 
we selected a simple reaction that would allow us to interrogate the electrophilic 
character of the platinum center, especially after oxidation. We selected the 
hydroarylation of ethyl propiolate by mesitylene, a reaction known to be accelerated by 
platinum catalysts.179-181 This reaction was carried out in trifluoroacetic acid and the 
results are compiled in Table 17. As shown by entries 1 and 2, catalyst 56 is markedly 
more active than 55, leading to a ~two-fold increase of the yield in the 
monohydroarylation product 57 after four hours.  The reaction also proceeded at room 
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temperature over the course of 24 hours (entries 3and 4).  Under these conditions, a 
greater differential was observed between the two catalysts, with again catalyst 56 
affording a markedly higher yield of 57.  Carrying out the reaction at room temperature 
also improved selectivity for the monohydroarylation product.  These results suggest that 
oxidation of the antimony atom positively impacts the catalytic properties of the metal 
center.  The lack of reaction observed when Ph3SbCl2 is used alone underscores the 
catalytic function of the platinum atom in these reactions (entry 5). We also tested the 
catalytic activity of (bipy)PtCl2 and found it to be as active as 55, suggesting that the 
diphenylantimony moiety present in 55 has no influence on the catalytic activity of these 
complexes (entry 6). Finally, we also tested the (bipy)PtCl2/Ph3SbCl2 system and found 
it to be as active as 55 and (bipy)PtCl2 (entry 7). This last experiment points to the 
importance of the intramolecular connection between the diphenyldichloroantimony 
moiety and the bipy ligand in 56. 
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Table 17. Pt(II)-catalyzed hydroarylation of ethylpropiolate with mesitylene[a] 
Entry [Cat.] (5 mol%) Temp. 
Yield (%)[b] 
57 58 
1 55 60 C 32 33 
2 56 60 C 62 21 
3 55 25 C 13 Trace 
4 56 25 C 50 6 
5 SbPh3Cl2 60 C < 1 <1 
6 (bipy)PtCl2 60 C 30 25 
7 (bipy)PtCl2 + Ph3SbCl2 60 C 31 22 
[a] Reaction conditions: Mesitylene (0.28 mmol), ethyl propiate (0.28 mmol), TFA (1
mL) at 60°C for 4 h.
[b] 1H NMR yields relative to 1,2-dichloroethane added at the end of the reaction.
3.6 Synthesis of bipyridine platinum(IV) complexes with peripheral antimony(V) 
substituents 
Complex 55 features two metal centers, which can both undergo two electron 
oxidation. We have shown that selective oxidation at the antimony center in complex 55 
can be achieved in DMSO with PhICl2. To obtain a platinum (IV) complexes, complex 
56 was treated with additional equivalents of PhICl2, but no reaction was observed. 
However, treating complex 55 with PhICl2 (4 equiv) in acetonitrile leads to complex 59 
as a yellow and air-stable powder in 68% yield (Figure 74). Complex 59 displays poor 
solubility in organic solvents, including DMSO, which complicates its characterization 
by NMR spectroscopy.  
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Figure 74. Synthesis of complex 59 and 60. 
Complex 55 was treated with 4 equivalents of bromine-1, 4-dioxane in DMSO to 
afford complex 60 as a red and air-stable powder (Figure 74). The structure of 
complexes 59 and 60 were determined by X-ray diffraction (Figure 75). The antimony 
center adopts a trigonal bipyramidal geometry in both complexes with Σ(C‒Sb‒C) = 
359.8(5)° in 59 and 360.0(6)° in 60. Interestingly, in complex 60, the chloride ligands 
originally bound to platinum center migrate to the antimony (V) center. In both 
complexes, the platinum center adopts a distorted octahedral geometry with a N1-Pt-N2 
angle of 79.0(1) ° in 59 and 80.8(6) ° in 60.  
Figure 75. Solid-state structure of 59 and 60. Thermal ellipsoids are drawn at the 50% 
probability level. The hydrogen atoms are omitted for clarity. 
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3.7 Synthesis of bipyridine palladium(II) complexes with peripheral antimony(V) 
substituents 
We have demonstrated that the 4-(diphenylstibino)-2-2’-bipyridine ligand (54) 
can coordinate to platinum(II) centers. We are eager to examine the reactivity of the 
ligand toward another d8 metal, such as palladium(II). Similar to the synthetic procedure 
of used to access 55, treating ligand 54 with 1 equivalent of Pd(CH3CN)Cl2 in 
acetonitrile at 50°C leads to an orange and air-stable precipitate, referred as complex 61 
(Figure 76). The subsequent oxidation on 61 was not successful, so we attempted to 
oxidize the antimony center in ligand 54 first, and then carry out complexation. Ligand 
54 was cleanly oxidized by o-chloranil in dichloromethane to afford the pre-oxidized 
ligand 62. 
Figure 76. Synthesis of ligand 62, complex 61 and 63. 
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The 1H NMR resonances of 62 show prominent down-fielded shifts compared to 
those of 54 (Figure 77). The diagnostic signal corresponding to the 3 position of the 
bipyridine ligands shifts from 8.56 ppm to 8.82 ppm and that to the phenyl group on the 
antimony center shifts from 7.30 ppm to 7.62 ppm and 7.45 ppm to 7.82 ppm upon 
oxidation. The pre-oxidized ligand 62 was reacted with Pd(CH3CN)2Cl2 to afford 
complex 63. Similar to the case of the platinum complexes 55 and 56, the 1H NMR 
signals corresponding to the phenyl group on the antimony center display a down-fielded 
shift from 7.30-7.45 ppm to 7.55-7.70 ppm, consistent with the oxidation at the 
antimony center (Figure 78). Another evidence of the antimony oxidation is the structure 
of 63 (Figure 79). The antimony adopts a distorted square pyramidal geometry (Σ(E‒Sb‒E)
= 352.9(6), E = C or O), which is reminiscent of the observation for other catecholato-
triaryl-stiboranes. The distorted planar geometry of palladium center is evidenced by Σ(E‒
Pt‒E) = 360.0(4) (E = N or Cl).  
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Figure 77. 1H NMR spectra of ligand 54 and 62 in CD2Cl2. The proton corresponding to 
the 3 position at the pyridine ring of the ligand is indicated by an asterisk (*) for each 
spectrum. The protons corresponding to the phenyl group on the antimony are indicated 
by a pound sing (#). 
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Figure 78. 1H NMR spectra of complexes 61 and 63 in d6-DMSO. The protons 
corresponding to the phenyl group on the antimony are indicated by a pound sing (#). 
Figure 79. Solid-state structure of 63. Thermal ellipsoids are drawn at the 50% 
probability level. The hydrogen atoms are omitted for clarity. 
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3.7 Conclusion 
The results presented in this article demonstrate that the redox activity of a 
stibine ligand installed at the periphery of a bipyridine ligand can be used to influence 
the electronic properties of the latter.  This conclusion is supported by an investigation of 
the corresponding platinum dichloride complexes and the observation that oxidation of 
the stibine induces a red shift of the MLCT UV-vis absorption band and an anodic shift 
of the reduction potential.  These experimental observations are corroborated by DFT 
calculations which show that this antimony-centered oxidation lowers the energy of the 
LUMO.  Last, we have also measured the impact of these changes on the reactivity of 
the platinum center using the hydroarylation of ethyl propiolate by mesitylene as a 
benchmark reaction.  These results indicate that the oxidized complex 56 is more 
electrophilic, leading to greater product yields. 
3.8 Experimental Section 
General Consideration. All preparations were carried out under an N2 
atmosphere using standard Schlenk techniques unless otherwise stated. 4-
Bromobipyridine, Ph2SbCl,182 183 PhICl2,184 (bipy)PtCl2185 were prepared according to 
previously reported procedures. Et2O and THF were dried by refluxing under N2 over 
Na/K. CH3CN was dried over CaH2. All other solvents were ACS reagent grade and 
used as received. All chemicals were purchased from Sigma-Aldrich, Merck, or 
Spectrochem and used as received. Thin-layer chromatography (TLC) was performed on 
a Merck 60 F254 silica gel plate (0.25 mm thickness). Column chromatography was 
performed on a Merck 60 silica gel (100−200 mesh). Ambient temperature NMR spectra 
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were recorded on a Varian Unity Inova 500 FT NMR (499.42 MHz for 1H, 125.58 MHz 
for 13C) spectrometer. Chemical shifts () are given in ppm and are referenced against 
the solvent signals (1H, 13C). Elemental analyses were performed at Atlantic Microlab 
(Norcross, GA). Absorbance measurements were taken on a Shimadzu UV-2502PC UV-
Vis spectrophotometer against a solvent reference. 
Computational details. Density functional theory (DFT) structural 
optimizations were conducted using the Gaussian 09 program.186 In all cases, the 
structures were optimized using the B3LYP151-152 functional which has been widely 
applied for the study of bipy-platinum complexes.178, 187-188  In order to optimize the 
efficiency of our computations while still treating the heavy atoms at a sufficient level of 
theory, we used the following mixed basis set: Sb/Pt, cc-pVTZ-PP153; C/H/N, 6-31g; Cl, 
6-31g(d’) with effective core potentials for the heavy elements.154-155  Optimizations
with the MPW1PW91 functional and the same basis sets were considered but abandoned 
because they afforded geometries exhibiting large deviations from the experimental 
ones.  For all optimized structures, frequency calculations were carried out to confirm 
the absence of imaginary frequencies. TD-DFT calculations were carried out using the 
B3LYP functional and the SMD solvation model. The molecular orbitals were visualized 
and plotted using the Jimp2 program.157-159  
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Table 18. Selected X-ray and DFT (gas-phase) metrical parameters (distance in Å and 
angles in °) for 55 and 56. 
X-ray DFT 
Complex 55 56 55 56
Pt1—N1 2.008(7) 2.003(7) 2.037 2.032 
Pt1—N2 2.041(7) 2.024(8) 2.038 2.041 
Pt1—Cl1 2.297(2) 2.298(3) 2.314 2.313 
Pt1—Cl2 2.319(2) 2.291(2) 2.315 2.311 
Sb1—C3 2.203(9) 2.127(9) 2.187 2.169 
Sb1—Cl3 2.474(3) 2.514 
Sb1—Cl4 2.457(3) 2.487 
N1—Pt1—N2 80.4(3) 80.4(3) 80.0 80.0 
Cl3—Sb1—Cl4 176.56(9) 178.96 
Crystallography. All crystallographic measurements were performed at 110(2) 
K using a Bruker SMART APEX II diffractometer with a CCD area detector (graphite 
monochromated Mo Kα radiation, λ = 0.71073 Å, ω-scans with a 0.5° step in ω). In each 
case, a specimen of suitable size and quality was selected and mounted onto a nylon 
loop. The semiempirical method SADABS148 was applied for absorption correction. The 
structures were solved by direct methods and refined by the full-matrix least-squares 
technique against F2 with anisotropic temperature parameters for all non-hydrogen 
atoms. All H atoms were geometrically placed and refined using the riding model 
approximation. Data reduction and further calculations were performed using the Bruker 
Apex2 (2013) and SHELXTL149 program packages. Structural refinements were 
performed using Olex2.150 
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Table 19. Crystallographic table for 54. 
Identification code  y 
Empirical formula  C22 H17 N2 Sb 
Formula weight  431.12 
Temperature  110.0 K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P 1 21/n 1 
Unit cell dimensions a = 11.0321(6) Å    = 90°. 
b = 16.2239(9) Å    = 100.603(2)°. 
c = 20.9042(12) Å    = 90°. 
Volume 3677.6(4) Å3 
Z 8 
Density (calculated) 1.557 Mg/m3 
Absorption coefficient 1.506 mm-1 
F(000) 1712 
Crystal size 0.5 x 0.3 x 0.2 mm3 
Theta range for data collection 2.324 to 30.603°. 
Index ranges -15<=h<=15, -23<=k<=23, -29<=l<=29
Reflections collected 106532 
Independent reflections 11287 [R(int) = 0.0469] 
Completeness to theta = 25.242° 99.8 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7461 and 0.5005 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 11287 / 0 / 451 
Goodness-of-fit on F2 1.152 
Final R indices [I>2sigma(I)] R1 = 0.0282, wR2 = 0.0594 
R indices (all data) R1 = 0.0361, wR2 = 0.0629 
Extinction coefficient n/a 
Largest diff. peak and hole 0.600 and -1.171 e.Å-3 
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Table 20. Crystallographic table for 55. 
Identification code  z 
Empirical formula  C23 H19 Cl4 N2 Pt Sb 
Formula weight  782.04 
Temperature  110 K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1
Unit cell dimensions a = 11.839(7) Å    = 79.530(8)°. 
b = 13.177(8) Å    = 70.672(7)°. 
c = 16.649(10) Å    = 83.918(8)°. 
Volume 2407(3) Å3 
Z 4 
Density (calculated) 2.158 Mg/m3 
Absorption coefficient 7.386 mm-1 
F(000) 1472 
Crystal size 0.6 x 0.4 x 0.07 mm3 
Theta range for data collection 1.573 to 27.447°. 
Index ranges -15<=h<=15, -16<=k<=17, -21<=l<=21
Reflections collected 86931 
Independent reflections 10901 [R(int) = 0.1127] 
Completeness to theta = 25.242° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7456 and 0.5547 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 10901 / 0 / 559 
Goodness-of-fit on F2 1.027 
Final R indices [I>2sigma(I)] R1 = 0.0459, wR2 = 0.1013 
R indices (all data) R1 = 0.0823, wR2 = 0.1179 
Extinction coefficient n/a 
Largest diff. peak and hole 1.650 and -1.854 e.Å-3 
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Table 21. Crystallographic table for 56. 
Identification code  y 
Empirical formula  C22 H17 Cl4 N2 Pt Sb 
Formula weight  768.01 
Temperature  110 K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P 1 21/c 1 
Unit cell dimensions a = 18.507(8) Å    = 90°. 
b = 14.400(6) Å    = 104.249(6)°. 
c = 17.294(8) Å     = 90°. 
Volume 4467(3) Å3 
Z 8 
Density (calculated) 2.284 Mg/m3 
Absorption coefficient 7.958 mm-1 
F(000) 2880 
Crystal size 0.15 x 0.1 x 0.07 mm3 
Theta range for data collection 1.135 to 26.444°. 
Index ranges -23<=h<=23, -17<=k<=17, -21<=l<=21
Reflections collected 88057 
Independent reflections 9119 [R(int) = 0.1308] 
Completeness to theta = 25.242° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7454 and 0.5057 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 9119 / 0 / 541 
Goodness-of-fit on F2 1.029 
Final R indices [I>2sigma(I)] R1 = 0.0438, wR2 = 0.0855 
R indices (all data) R1 = 0.0873, wR2 = 0.1054 
Extinction coefficient n/a 
Largest diff. peak and hole 1.885 and -1.743 e.Å-3 
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Figure 80. Portion of a stack observed in the solid-state structure of 55. Thermal 
ellipsoids are drawn at the 50% probability level. The hydrogen atoms are omitted for 
clarity. 
Figure 81. Stacking observed between the two independent molecules of 56 in the solid-
state. Thermal ellipsoids are drawn at the 50% probability level. The hydrogen atoms are 
omitted for clarity. 
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Electrochemistry. Electrochemical experiments were performed with an 
electrochemical analyzer from CH Instruments (model 610A) with a glassy-carbon 
working electrode and a platinum auxiliary electrode. The reference electrode was built 
from a silver wire inserted into a small glass tube fitted with a porous Vycor frit at the 
tip and filled with a THF solution containing tetrabutylammonium hexafluorophosphate 
(TBAPF6, 0.1 M) and AgNO3 (0.005 M). All three electrodes were immersed in a 
deoxygenated DMF solution (5 mL) containing TBAPF6 (0.1 M) as a support electrolyte 
and platinum complexes (55, 56 and (bipy)PtCl2) (0.001 M). Ferrocene was used as an 
internal standard, and all potentials are reported with respect to E1/2 of the Fc / Fc+ redox 
couple. 
Synthesis of 54. n-butyllithium (1.0 mL, 2.6 M in hexane, 2.6 mmol) was added 
dropwise to an Et2O (5 mL) solution of 4-bromo-2-2’-bipyridine (510 mg, 2.17 mmol) 
cooled to -100 °C. Once addition was complete, the resulting orange suspension was 
kept at this temperature and stirred for an additional 30 minutes.  This solution was kept 
at -100 °C and combined with a THF (5 mL) solution of Ph2SbCl (0.82 g, 2.63 mmol) 
which was added slowly using a cannula.  The resulting mixture was stirred at -100 °C 
for an additional hour, before being allowed to warm to room temperature.  After 12 
hours, the solvents were evaporated under vacuum.  The residue was taken in CH2Cl2 
(20 mL) and filtered through Celite.  The filtrate was brought to dryness and the 
resulting thick oily product mixture purified by flash chromatography on silica gel 
(mobile phase: 1% ethyl acetate in hexanes).  The third major fraction was evaporated to 
an oily residue, which was washed with pentane to yield 54 as a white solid.  Yield: 620 
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mg (45%). Single crystals of 54 suitable for X-ray diffraction were obtained by 
evaporation of a pentane/CH2Cl2 solution at room temperature.  1H NMR (499.42 MHz, 
CDCl3) δ 8.56 (d, J = 4.0 Hz, 1H), 8.52 (s, 1H), 8.49 (d, J = 4.7 Hz, 1H), 8.28 (d, J = 8.0 
Hz, 1H), 7.72 (td, J = 7.8, 1.8 Hz, 1H), 7.42 – 7.36 (m, 4H), 7.28 (m, 6H), 7.21 (ddd, J = 
7.4, 4.8, 1.0 Hz, 1H), 7.19 – 7.16 (m, 1H). 13C NMR (125.58 MHz, CDCl3) δ 156.15, 
155.18, 150.43, 149.17, 148.74, 137.28, 136.87, 136.30, 130.58, 129.11, 128.99, 128.85, 
123.65, 121.32. Elemental analysis (%) calculated for C22H17N2Sb: C, 61.29; H, 3.97. 
Found: C, 61.59; H, 4.33. 
Figure 82. 1H NMR spectrum of 54 in CDCl3.  The resonance marked with an asterisk 
belong to CDCl3.
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Figure 83. 13C NMR spectrum of 54 in CDCl3.  The resonance marked with an asterisk 
belong to CDCl3. 
Synthesis of 55. The ligand 54 (150 mg, 0.35 mmol) and Pt(CH3CN)2Cl2 (115 
mg, 0.33 mmol) were combined in acetonitrile (5 ml).  The resulting mixture was 
warmed to 50°C and stirred for 5 hours. The precipitate obtained was filtered, washed 
with CH2Cl2 (3 × 2 mL), Et2O (3 × 2 mL) and dried under vacuum to give a 55 as a pale 
yellow solid. Yield: 240 mg (82%). Single crystals of 55 suitable for X-ray diffraction 
were obtained by diffusion of pentane into a solution of the compound in CH2Cl2 inside 
an NMR tube.  1H NMR (499.42 MHz, (CD3)2SO) δ 9.47 (d, J = 5.9 Hz, 1H), 9.29 (d, J 
= 5.8 Hz, 1H), 8.71 (s, 1H), 8.36 (m, 2H), 7.81 (t, J = 6.1 Hz, 1H), 7.58 (d, J = 5.9 Hz, 
1H), 7.55 – 7.47 (m, 4H), 7.46 – 7.36 (m, 6H).  13C NMR (125.58 MHz, (CD3)2SO) δ 
156.66, 154.96, 148.45, 146.67, 140.49, 137.82, 136.21, 134.02, 131.19, 129.21, 129.15, 
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128.89, 127.62, 123.97. Elemental analysis (%) calculated for C22H17N2SbPtCl2: C, 
37.90; H, 2.46. Found: C, 38.15; H, 2.55. 
Figure 84. 1H NMR spectrum of 55 in (CD3)2SO.  The resonance marked with an 
asterisk belong to (CD3)2SO. 
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Figure 85. 13C NMR spectrum of 55 in (CD3)2SO.  The resonance marked with an 
asterisk belong to (CD3)2SO. 
Synthesis of 56. Complex 55 (100 mg. 0.14 mmol) was dissolved in DMSO (5 
mL) and treated with a DMSO (1 mL) solution of PhICl2 (160 mg, 0.6 mmol). The 
resulting yellow suspension was stirred for 1 hour.  The residue was extracted with 
pentane (3 × 3 mL), Et2O (3 × 2 mL) and recrystallized from CH2Cl2/Et2O to yield a 
yellow solid.  Yield: 70 mg (64%). Single crystals of 56 suitable for X-ray diffraction 
were obtained by diffusion of pentane into a solution of the compound in CH2Cl2 inside 
an NMR tube. 1H NMR (499.42 MHz, (CD3)2SO) δ 9.50 (m, 2H), 8.68 (s, 1H), 8.35 (td, 
J = 7.9, 1.3 Hz, 1H), 8.26 – 8.16 (m, 2H), 7.91 - 7.80 (m, 5H), 7.48 – 7.38 (m, 7H). 13C 
NMR (125.58 MHz, (CD3)2SO) δ 166.56, 156.34, 155.65, 153.06, 148.65, 147.57, 
140.91, 132.71, 132.14, 129.76, 128.43, 127.83, 127.58, 123.82. Elemental analysis (%) 
calculated for C22H17N2SbPtCl4: C, 34.40; H, 2.23. Found: C, 34.33; H, 2.31. 
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Figure 86. 1H NMR spectrum of 56 in (CD3)2SO.  The resonance marked with an 
asterisk belong to (CD3)2SO.  
Figure 87. 13C NMR spectrum of 56 in (CD3)2SO.  The resonance marked with an 
asterisk belong to (CD3)2SO. 
118 
Synthesis of 59. Complex 55 (50 mg. 0.07 mmol) was suspended in CH3CN (5 
mL) and treated with a CH3CN (1 mL) solution of PhICl2 (80 mg, 0.28 mmol). The 
resulting yellow suspension was stirred for 1 hour.  The residue was concentrated and 
the precipitated was filtered. The solid obtained was washed with dichloromethane (3 × 
1 mL), Et2O (3 × 2 mL), pentane (3 × 3 mL), and dried under vacuum. Yield: 24 mg 
(41%). Single crystals of 59 suitable for X-ray diffraction were obtained by diffusion of 
pentane into a solution of the compound in THF inside an NMR tube. The solubility is 
too low in organic solvent for NMR measurement. 
Synthesis of 60. Complex 55 (50 mg. 0.07 mmol) was dissolved in DMSO (5 
mL) and treated with a DMSO (1 mL) solution of Br2-dioxane (69 mg, 0.28 mmol). The 
resulting yellow suspension was stirred for 1 hour.  The residue was extracted with 
pentane (3 × 3 mL), Et2O (3 × 2 mL) and recrystallized from CH2Cl2/Et2O to yield a 
yellow solid.  Yield: 23 mg (33%). Single crystals of 60 suitable for X-ray diffraction 
were obtained by diffusion of pentane into a solution of the compound in CH2Cl2 inside 
an NMR tube. 
Synthesis of 61. The ligand 54 (100 mg, 0.23 mmol) and Pd(CH3CN)2Cl2 (50 
mg, 0.23 mmol) were combined in acetonitrile (5 ml).  The resulting mixture was 
warmed to 50°C and stirred for 5 hours. The precipitate obtained was filtered, washed 
with CH2Cl2 (3 × 2 mL), Et2O (3 × 2 mL) and dried under vacuum to give a 61 as a pale 
yellow solid. Yield: 67 mg (48%).  1H NMR (499.42 MHz, DMSO-d6) δ 9.09 (d, J = 5.7 
Hz, 1H), 8.91 (d, J = 5.7 Hz, 1H), 8.70 (s, 1H), 8.36 – 8.24 (m, 2H), 7.77 (ddd, J = 7.4, 
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5.7, 1.7 Hz, 1H), 7.58 – 7.52 (m, 1H), 7.50 – 7.45 (m, 4H), 7.39 (dd, J = 4.2, 2.2 Hz, 
6H). 
Figure 88. 1H NMR spectrum of 61 in d6-DMSO.  The resonance marked with an 
asterisk belong to DMSO. 
Synthesis of 62. To the ligand 54 (150 mg, 0.35 mmol) in dichloromethane (3 
mL), 3,4,5,6-tetrachloro-1,2-benzoquinone (o-chloranil) (86 mg, 0.35 mmol) in 
dichloromethane (5 mL) were dropwise added.  The resulting solution was stirred for 10 
minutes, and then concentrated. The residue was recrystallized by adding pentane (5 
mL) and the precipitate obtained was filtered, washed with pentane (3 × 2 mL) and dried 
under vacuum to give 62 as a white solid. Yield: 182 mg (77%).  1H NMR (499.42 MHz, 
CD2Cl2) δ 8.84 (d, J = 4.8 Hz, 1H), 8.82 – 8.80 (m, 1H), 8.62 – 8.58 (m, 1H), 8.47 (d, J 
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= 7.9 Hz, 1H), 7.88 (t, J = 7.6 Hz, 1H), 7.85 – 7.80 (m, 4H), 7.79 (dd, J = 5.0, 1.4 Hz, 
1H), 7.63 (t, J = 7.4 Hz, 2H), 7.60 – 7.54 (m, 4H), 7.36 (dd, J = 7.5, 5.0 Hz, 1H). 
Figure 89. 1H NMR spectrum of 62 in CD2Cl2.  The resonance marked with an asterisk 
belong to CD2Cl2. 
Synthesis of 63. The ligand 62 (50 mg, 0.07 mmol) and Pt(CH3CN)2Cl2 (16 mg, 
0.33 mmol) were combined in acetonitrile (3 ml).  The resulting mixture was warmed to 
50°C and stirred for 5 hours. The precipitate obtained was filtered, washed with CH2Cl2 
(3 × 2 mL), Et2O (3 × 2 mL) and dried under vacuum to give a 63 as a pale yellow solid. 
Yield: 31 mg (51%). Single crystals of 63 suitable for X-ray diffraction were obtained by 
diffusion of pentane into a solution of the compound in CHCl3 inside an NMR tube.  1H 
NMR (499.42 MHz, DMSO-d6) δ 9.17 – 9.12 (m, 1H), 9.09 (d, J = 5.8 Hz, 1H), 8.39 (s, 
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1H), 8.30 (dd, J = 8.8, 7.3 Hz, 1H), 8.06 (s, 1H), 7.86 (s, 1H), 7.77 (t, J = 6.8 Hz, 1H), 
7.65 – 7.56 (m, 4H), 7.56 – 7.44 (m, 6H). 
Figure 90. 1H NMR spectrum of 63 in d6-DMSO.  The resonance marked with an 
asterisk belong to DMSO. 
General procedure for the hydroarylation of ethyl propiolates. The catalyst 
(5 mol%) was combined with mesitylene (40 L, 0.28 mmol) in TFA (1 mL).  After 
stirring for 5 min at room temperature, this solution was treated with ethyl propiolate (29 
L, 0.28 mmol), which was added with a microsyringe.  After 4 hours at 60 °C, 1,2-
dichloroethane (0.07 mmol) was added as an internal standard to the solution.  A portion 
of the solution (50 L) was dissolved in CDCl3 (0.4 mL) for NMR analysis.  The 
product yields shown in Table 1 were based on integration of the NMR spectra.  The 
nature of the hydroarylation products (2Z)-ethyl-3-mesitylpropenaote and (2Z)-ethyl-3-
{2,4,6-trimethyl-3[(1Z)-2-ethoxycarbonylethylenyl]}-phenyl}propenoate was confirmed 
by their isolation and their purification by column chromatography on silica gel (mobile 
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phase: 10% ethyl acetate in hexanes).  The NMR data collected match those reported in 
the literature.181 
Figure 91. 1H NMR spectrum of (2Z)-ethyl-3-mesitylpropenaote in CDCl3.  The 
resonance marked with an asterisk belong to CDCl3. 
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Figure 92. 13C NMR spectrum of (2Z)-ethyl-3-mesitylpropenaote in CDCl3.  The 
resonance marked with an asterisk belong to CDCl3. 
Figure 93. 1H NMR spectrum of (2Z)-ethyl-3-{2,4,6-trimethyl-3[(1Z)-2-
ethoxycarbonylethylenyl]}-phenyl}propenoate in CDCl3.  The resonance marked with an 
asterisk belong to CDCl3. 
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Figure 94. 13C NMR spectrum of (2Z)-ethyl-3-{2,4,6-trimethyl-3[(1Z)-2-
ethoxycarbonylethylenyl]}-phenyl}propenoate in CDCl3.  The resonance marked with an 
asterisk belong to CDCl3. 
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CHAPTER IV  
CYCLOMETALATED IRIDIUM BIPYRIDINE COMPLEXES WITH PERIPHERAL 
ANTIMONY SUBSTITUENTS* 
4.1 Introduction 
The chemistry of organoantimony(V) compounds is experiencing a resurgence 
that has led to the development of new applications in the area of catalysis,117, 160-161, 164-
165, 167-168, 189-193 small molecule activation,17, 194-196 anion sensing,16, 18, 197-203 and anion 
transport.204-205  The most important characteristic of these compounds is the Lewis 
acidity of the antimony center which can be adjusted by varying the electronic properties 
of the substituents.  These substituents can also be used to impart specific optoelectronic 
properties which could in principle become useful in the domain of anion sensing.  
Based on the anion binding reactions shown in Figure 95, we have shown that appending 
simple chromophores as in A-C can afford fluorescent turn-on sensors that we have used 
for the detection of fluoride or cyanide anions at low concentrations (Figure 96).16, 197, 199 
We have also considered the use of metal containing chromophores as in the case D, a 
complex in which the tetraaryl stibonium cation is installed at the periphery of a 
cyclometalated ruthenium polypyridyl core (Figure 96).90  Our investigation of the 
properties of this complex showed that anion coordination at the antimony centers 
triggers electrochemical and photophysical changes that can be used to report the 
* Reprinted with permission from: "Cyclometalated iridium bipyridine complexes with peripheral
antimony substituents"; Lo, Y.-H.; Gabbaï F. P. Z. Anorg. Allg. Chem. 2019, accepted author manuscript.
DOI: 10.1002/zaac.201900186.  Copyright 2019 by John Wiley & Sons, Inc.
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chemistry taking place at the Lewis acidic main group center.  Building on these recent 
results, we have now become interested in installing antimony(V) moieties at the 
periphery of other metal complexes. 
Figure 95. Anion binding reaction involving antimony(V) species (X = halogen). 
Figure 96. Structure of relevant antimony(V) Lewis acids and general structure targeted 
in this study. 
Iridium (III) cyclometalated complexes constitute an important class of materials 
that have found applications in sensing, photocatalysis, and light emitting or harvesting 
materials.206-209  The most important property of these complexes is the metal-to-ligand 
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charge transfer (MLCT) nature of their excited state as it influences the emissive 
properties of these materials as well as their photoredox properties.  Because of the 
attractive features displayed by iridium (III) cyclometalated complexes, we have now 
become interested in investigating the incorporation of Lewis acidic antimony moieties 
at their periphery.  In this paper, we describe a series of results obtained while pursuing 
this objective. 
4.2 Synthesis of Ir complexes with Sb-substituted bipyridine ligands 
We have previously described 4-(diphenylstibino)-2,2’-bipyridine (54), a ligand 
that we successfully incorporated in platinum(II) complexes.210  We found that this 
ligand reacted cleanly with [(ppy)2Ir(-Cl)]2 (ppy = 2-phenylpyridine) in refluxing 
methanol and dichloromethane (1:1 v/v) to afford, after anion exchange with KPF6, the 
antimony-substituted iridium complex [64][PF6] as a yellow solid (Figure 97).211  This 
complex was subsequently allowed to react with excess phenyl iodine dichloride 
(PhICl2) in wet DMSO to afford complex 65-Cl which also displays a yellow color 
characteristic of the iridium tris-chelate chromophore.  Dissolution of PhICl2 in DMSO 
is exothermic, suggesting oxidation of DMSO,212 which in the presence of water would 
release HCl and the resulting sulfone.  We propose that this side reaction is the source of 
the third chloride anion coordinated to the antimony atom. 
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Figure 97. Synthesis of [64][PF6], 65-Cl, and [65][OTf].(a) 1 equiv. [(ppy)2Ir(-Cl)]2, 
DCM/MeOH 1:1, reflux, 8 h. (b) KPF6, MeOH (c) 4 equiv. PhICl2, DMSO, 3 h. (d) 1 
equiv. AgOTf, CDCl3. 
Both [64][PF6] and 65-Cl have been fully characterized by 1H and 13C NMR 
spectroscopy.  The 1H NMR spectra of [64][PF6] and 65-Cl display complicated spectra 
because the symmetry of the pseudo-octahedral iridium complex is broken by the 
coordination of the 54, making each aromatic hydrogen magnetically non-equivalent. It 
is worth noting that the diagnostic peaks corresponding to the 3 position of the 
bipyridine ligand shifts from 8.63 ppm to 9.24 ppm upon oxidation. The resonances 
corresponding to the phenyl group bound to the antimony atom also display a significant 
shift from 7.35 ppm to 7.68 ppm, indicative of a more electrophilic environment as a 
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result of antimony oxidation (Figure 98).  The ESI unit mass spectrum of 65-Cl is 
dominated by a peak at m/z 1001 amu corresponding to [65]+ (Figure 98) with an 
isotopic pattern consistent with the atomic make up of this cation.  The detection of this 
complex suggest that 65-Cl could release a chloride anion to afford the corresponding 
iridium-stiborane [65]+.  To test this possibility, 65-Cl was suspended in CDCl3, a 
solvent in which it is not soluble.  Addition of AgOTf to this mixture resulted in 
dissolution of the complex and the appearance of 1H NMR resonances assigned to the 
formation of [65][OTf] which could unfortunately not be isolated. 
Figure 98. 1H NMR spectra of complexes [64][PF6] and 65-Cl in CD3CN. The proton 
corresponding to the 3 position of the bipyridine is indicated by an asterisk (*) for each 
spectrum. The protons corresponding to the phenyl group on the antimony are indicated 
by a pound sing (#). 
The solid-state structure of complex 65-Cl has been determined using single 
crystal X-ray diffraction analysis (Figure 99). The iridium (III) center adopts a distorted 
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octahedral geometry, with the N(1)‒Ir(1)‒N(2) bond angle compressed to 76.2(3)°, a 
feature consistent with literature precedents for these type of complexes.85, 170, 213 A 
comparison of the structure of 65-Cl with that of [Ir(ppy)2(bpy)]+ shows that the 
antimony moiety has negligible influence on the geometry of the iridium center.87  The 
antimony center also displays a distorted octahedral geometry with the three chloride 
ligands in a mer-configuration. The longer Ir(1)‒Cl(3) distance (2.547(2) Å), compared 
to Ir(1)‒Cl(1) and Ir(1)‒Cl(2) (2.370(5) Å and 2.472(3) Å) suggests that the pyridyl ring 
at the trans position exerts a greater trans influence than that of a chlorine ligand. 
Ir1
N3
N1
N2N4
Cl2
Cl1
Cl3
Sb1C33
C39
Figure 99. Solid-state structure of 65-Cl. Thermal ellipsoids are drawn at the 50% 
probability level. The hydrogen atoms are omitted for clarity. Selected bond length (Å) 
and angles (deg): Sb1‒Cl1 2.370(5), Sb‒Cl2 2.472(3), 2.547(2), N1‒Ir1‒N2 76.2(3). 
4.3 Photophysical and electrochemical properties of [64][PF6] and 65-Cl 
The photophysical properties of [64][PF6] and 65-Cl have been studied and 
compared with those of the parent complex [(ppy)2Ir(bpy)][PF6] for reference.  The 
absorption spectrum of the two new iridium complexes and that of the reference are 
shown in Figure 100.  The low energy absorption bands of all three complexes display a 
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similar profile.  The absorption features at 350 nm ‒ 450 nm are assigned to the ligand-
to-ligand charge transfer (ppy to bpy, 1LLCT) and metal-to-ligand charge transfer 
processes (iridium to ppy or bpy, 1MLCT).86  In addition, the very weak absorptions 
between 450 to 470 nm were assigned to 3LLCT and 3MLCT.  The similarity of these 
three spectra indicates that the antimony moiety, oxidized or not, has negligible effects 
on the energy of these transitions.  This may at first surprising, especially in the case of 
the oxidized complex 65-Cl.  We speculate that formation of the trichloroantimonate 
moiety somewhat counters the increased electron-withdrawing properties of the oxidized 
antimony center.  
Figure 100. Experimental UV-vis spectrum and calculated vertical electronic transitions 
(represented by bars) for [(ppy)2Ir(bpy)][PF6], [64][PF6] and 65-Cl in acetonitrile. The 
wavelengths of the calculated transitions are plotted against the oscillator strength. 
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We have also computed the electronic structure of [64]+ and 65-Cl using density 
functional theory (DFT).  These calculations were carried out using the Gaussian 
program with B3LYP as a functional and a mixed basis set (Sb/Ir cc-pVTZ-PP; 
C/H/N/Cl 3/21G*).88, 214 The optimized structures are in reasonable agreement with 
those measured using X-ray diffraction (see the Supporting Information). Figure 101 
displays the contours and energies of the Kohn-Sham highest occupied molecular orbital 
(HOMO) and lowest occupied molecular orbital (LUMO). In both [64]+ and 65-Cl, the 
HOMO and LUMO are dominated by an iridium “t2g” orbital and the bipyridine 
*orbital, respectively.  These frontier orbitals closely resemble those of
[(ppy)2Ir(bpy)]+.208  An interesting feature in the case of 65-Cl is the contribution of a 
chloride p-orbital to the HOMO of the complex, consistent with the electron rich nature 
of the antimonate anion.  There is a notable change in the HOMO-LUMO gap which 
increases from 2.8 ev in [64]+ to 3.26 ev in 65-Cl.  This relatively large difference 
appears difficult to reconcilliate with the experimental spectroscopic results which show 
similar UV-vis absorption profiles for both [64]+ and 65-Cl.  To shed light on this 
apparent discrepancy, we resorted to TD-DFT calculations using the solute electron 
density-based implicit solvation model (SMD) with acetonitrile as a solvent. The results 
of these calculations afford a series of intense vertical excitations, the energy of which 
nicely coincides with the main absorption features observed in the experimental spectra 
(Figure 100).  There are also a series of weaker transitions, some of which appear in the 
lower energy range of the spectrum.  To better understand the character of these vertical 
excitations, each of them were analyzed using the natural transition orbital (NTO) 
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method.  The results of this analysis show that, for both complexes, the HOMO-LUMO 
transition has almost inexistent oscillator strength (f = 0.001).  This simple 
computational indicates that the HOMO-LUMO transition does not contribute to the 
absorption spectrum of these derivatives which are, as a result, not affected by the 
respective energy of these two orbitals.  The NTO analysis of the TD-DFT results shows 
that the first vertical excitation of respectable oscillator strength (f > 0.04) have HOMO 
to LUMO+1 character for [64]+ and HOMO to LUMO+2 for 65-Cl (Table 22).  These 
excitations correspond to the third and second excited states in the case of [64]+ and 65-
Cl, respectively. It is interesting to note the LUMO+1 for [64]+ and LUMO+2 for 65-Cl 
are * orbitals delocalized on the phenylpyridine ligands rather than on the bipyridine 
ligand.  Moreover, the energy of this transition (401.1 nm for [64]+ with f = 0.04 and 
400.4 nm for 65-Cl with f = 0.04) is almost identical in both compounds, thereby 
providing a rationale for the similarity of the spectra of these two compounds.  The next 
intense vertical excitation, which are calculated at 382.7 nm for [64]+ (f = 0.14) and 
375.5 nm for 65-Cl (f = 0.15), correspond to the fifth singlet excited state for both 
complexes.  The NTO analysis shows that this transition involves excitation from an 
orbital of HOMO-1/HOMO-2 character to the LUMO which as stated above has 
bipyridine * character.  Again, the similarity in the energy of these transitions in the 
two complexes explains why their UV-vis spectra are so alike. 
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Figure 101. Frontier molecular orbitals (isovalue 0.05) and Energies (eV) of [64]+ and 
65-Cl.
Table 22. Dominant NTOs, calculated wavelengths (λ), and oscillator strengths (f) for 
the excited singlet states of [64]+ and 65-Cl. 
[64]+ 65-Cl
Acceptor 
NTO 
Donor 
NTO 
 = 401.1 nm, f = 0.043  = 400.4 nm, f = 0.040
3rd transition 2nd transition 
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Table 22 Continued 
[64]+ 65-Cl
Acceptor 
NTO 
Donor 
NTO 
 = 382.7 nm, f = 0.136  = 375.5 nm, f = 0.145
5th transition 5th transition 
The emission spectra of complex [(ppy)2Ir(bpy)][PF6], [64][PF6] and 65-Cl in 
acetonitrile are shown in Figure 102. Similar to the absorption spectrum, the emission 
maxima (em = 595 nm) and quantum yield of [64][PF6] ( = 9.3%) show almost no 
differences when compared to [(ppy)2Ir(bpy)][PF6] (em = 592 nm, 9.3%).214  This 
suggests that the diphenyl antimony substituent has no influence on the iridium-centered 
fluorophore. Interestingly, a noticeable red shift (25nm) is observed for the emission of 
65-Cl (em = 617 nm) and the quantum yield drops to 2.2%. We propose that the lower
quantum yield of 65-Cl originates from a decrease in the transition dipole moment 
caused by the presence of the anitmonate moiety.215 
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Figure 102. Luminescence spectra of [(ppy)2Ir(bpy)]+, [64]+ and 65-Cl in CH3CN 
solution at 298 k. ex = 400 nm. 
The cyclic voltammograms of [64][PF6] and 65-Cl were recorded  and were also 
compared with that of [(ppy)2Ir(bpy)][PF6] (Figure 103). Both [64][PF6] and 65-Cl 
display a quasi-reversible reduction wave at E1/2 = -1.78 V and -1.77 V, respectively, 
attributed to the reduction of the bipyridine ligand.  This reduction is irreversible in the 
case of 65-Cl, a feature that we correlate to the possible coupling of the electron transfer 
event to a reduction of the antimony (V) center, mediated by the bipyridine ligand.  The 
voltammograms also display a quasi-reversible wave assigned to the Ir(III)/(IV) couple.  
This wave is observed 0.89 V for [64]+, which is also close to that of 
[(ppy)2Ir(bpy)][PF6] (E1/2 = 0.88 V). The small difference in both redox potentials points 
to the innocence of the diphenylantimony moiety in [64]+. In the case of 65-Cl, the 
Ir(III/IV) redox couple observed at 0.79 V is shifted cathodically by 80 mV. This shift 
indicates that iridium center in complex 65-Cl is more electron-rich.  This result is 
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consistent with the fact that this complex is neutral and thus more prone to oxidation 
than cationic [64]+. 
Figure 103. Cyclic voltammograms of [64][PF6], 65-Cl and [(ppy)2Ir(bpy)][PF6] in 
acetonitrile with 0.1 M [nBu4N][PF6] as electrolyte. The scan rate was 0.1 V/s, and 
potentials are referenced to Fc/Fc+ in the same solvent. 
4.4 Synthesis of Ru complexes with the Sb-substituted bipyridine ligand 
Ligand  (54) ligand was treated with of cis-Ru(bpy)2Cl2 (phen = 
phenanthrene),216 Subsequently anion exchange with KPF6 afforded complex [66][PF6]2 
as an orange air-stable solid (Figure 104). Complex [66][PF6]2 has been characterized by 
1H NMR and ESI unit mass spectrometry, which shows a major peak at m/z 1037 
corresponding to [66][PF6] with an isotopic pattern consistent with that calculated. The 
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structure of this complex was confirmed by single-crystal X-ray crystallography. (Figure 
105).  
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Figure 104. Synthesis of [66][PF6]2 and [67][PF6]2 or [68][PF6]. (a) 1 equiv. 
(phen)2RuCl2, ethanol/H2O 1:1, reflux, 8 h. (b) KPF6, ethanol (c) 4 equiv. PhICl2, 
DMSO, 3 h. 
Figure 105. Solid-state structure of [66][PF6]2. Thermal ellipsoids are drawn at the 50% 
probability level. The hydrogen atoms are omitted for clarity. 
Complex [66][PF6]2 reacts cleanly with PhICl2 in DMSO and 1H NMR 
spectroscopy shows the emergence of a new species, which we assign to the formation 
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of [67][PF6]2 or [68][PF6]. The proton signals corresponding to the antimony-bound 
phenyl group and those at the 3-position proton of the pyridine ring of the bipyridine 
ligand show a significant downfielded shift, indicating the oxidation of the antimony 
center (Figure 106). ESI mass spectrum displays a peak at m/z 1105 amu corresponding 
to a formula of [67][PF6]. However, the fragment can also be generated from [68][PF6] 
by losing one antimony-bound chloride, a similar phenomenon observed at the iridium 
complex 65-Cl. 
Figure 106. 1H NMR spectra of complexes [66][PF6]2 and [67][PF6]2 or [68][PF6] in 
CD3CN. . The proton corresponding to the 3 position of the bipyridine is indicated by an 
asterisk (*) for each spectrum. The protons corresponding to the phenyl group on the 
antimony are indicated by a pound sing (#). 
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4.5 Conclusions 
In summary, we have synthesized two cyclometalated iridium bipyridine 
complexes bearing a peripheral Sb(III) or Sb(V) substituent. The similar properties 
displayed by [64]+ and the reference complex [(ppy)2Ir(bpy)]+ suggests that the 
diphenylantimony group does not interfere with the optoelectronic properties.  Finally, 
we have also shown that the antimony moiety of [64]+ can be oxidized into a stiborane 
unit which readily binds an extra chloride anion, leading to the formation of a 
trichloroantimonate moiety as in 65-Cl.  Formation of this anionic substituent renders the 
complex neutral and makes oxidation of the iridium center slightly more facile that in 
the cationic precursor.  Finally, we note that 65-Cl is also notably less emissive that its 
precursor [64]+. 
4.6 Experimental section 
General Consideration. All preparations were carried out under an N2 
atmosphere using standard Schlenk techniques unless otherwise stated. 4-
Bromobipyridine, Ph2SbCl,182 183 PhICl2,184 were prepared according to previously 
reported procedures. Et2O and THF were dried by refluxing under N2 over Na/K. 
CH3CN and CHCl3 were dried over CaH2. All other solvents were ACS reagent grade 
and used as received. All chemicals were purchased from Sigma-Aldrich, Merck, or 
Spectrochem and used as received. Thin-layer chromatography (TLC) was performed on 
a Merck 60 F254 silica gel plate (0.25 mm thickness). Column chromatography was 
performed on a Merck 60 silica gel (100−200 mesh). Ambient temperature NMR spectra 
were recorded on a Varian Unity Inova 500 FT NMR (499.42 MHz for 1H, 125.58 MHz 
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for 13C) spectrometer. Chemical shifts () are given in ppm and are referenced against 
the solvent signals (1H, 13C). Elemental analyses were performed at Atlantic Microlab 
(Norcross, GA). Absorbance measurements were taken on a Shimadzu UV-2502PC UV-
Vis spectrophotometer against a solvent reference. 
Crystallography. All crystallographic measurements were performed at 110(2) 
K using a Bruker SMART APEX II diffractometer with a CCD area detector (graphite 
monochromated Mo Kα radiation, λ = 0.71073 Å, ω-scans with a 0.5° step in ω). In each 
case, a specimen of suitable size and quality was selected and mounted onto a nylon 
loop. The semiempirical method SADABS148 was applied for absorption correction. The 
structures were solved by direct methods and refined by the full-matrix least-squares 
technique against F2 with anisotropic temperature parameters for all non-hydrogen 
atoms. All H atoms were geometrically placed and refined using the riding model 
approximation. Data reduction and further calculations were performed using the Bruker 
Apex2 (2013) and SHELXTL149 program packages. Structural refinements were 
performed using Olex2.150 
142 
Table 23. Crystallographic table for 65-Cl. 
Identification code  y_sq 
Empirical formula  C44 H33 Cl3 Ir N4 Sb 
Formula weight  1038.04 
Temperature  110 K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P 1 21/n 1 
Unit cell dimensions a = 8.9221(19) Å = 90°. 
b = 20.377(4) Å = 93.589(2)°. 
c = 24.873(5) Å  = 90°. 
Volume 4513.2(16) Å3 
Z 4 
Density (calculated) 1.528 Mg/m3 
Absorption coefficient 3.754 mm-1 
F(000) 2016 
Crystal size 0.12 x 0.11 x 0.05 mm3 
Theta range for data collection 1.921 to 27.685°. 
Index ranges -11<=h<=11, -26<=k<=26, -32<=l<=32
Reflections collected 97361 
Independent reflections 10499 [R(int) = 0.1488] 
Completeness to theta = 25.242° 100.0 %  
Absorption correction Integration 
Max. and min. transmission 0.7456 and 0.5783 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 10499 / 108 / 521 
Goodness-of-fit on F2 1.089 
Final R indices [I>2sigma(I)] R1 = 0.0684, wR2 = 0.1381 
R indices (all data) R1 = 0.1012, wR2 = 0.1500 
Extinction coefficient n/a 
Largest diff. peak and hole 1.413 and -2.584 e.Å-3 
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Computational details. Density functional theory (DFT) structural 
optimizations were conducted using the Gaussian 09 program.186 In all cases, the 
structures were optimized using the B3LYP151-152 functional.  In order to optimize the 
efficiency of our computations while still treating the heavy atoms at a sufficient level of 
theory, we used the following mixed basis set: Sb/Ir, cc-pVTZ-PP; C/H/N, 6-31g; Cl, 3-
21g(d’) with effective core potentials for the heavy elements.154-155  Optimizations with 
the MPW1PW91 functional and the same basis sets were considered but abandoned 
because they afforded geometries exhibiting large deviations from the experimental 
ones.  For all optimized structures, frequency calculations were carried out to confirm 
the absence of imaginary frequencies. TD-DFT calculations were carried out using the 
B3LYP functional and the SMD solvation model. The molecular orbitals were visualized 
and plotted using the Jimp2 program.157-159 
Table 24. Selected X-ray and DFT (gas-phase) metrical parameters (distance in Å and 
angles in °) for 65-Cl. 
DFT X‒ray 
Sb1‒Cl1 2.54846 2.547(2) 
Sb1‒Cl2 2.5025 2.472(3) 
Sb1‒Cl3 2.49423 2.370(5) 
N1‒Ir1 2.15205 2.123(7) 
N2‒Ir1 2.15861 2.124(7) 
C32‒Ir1 2.02826 2.001(9) 
C21‒Ir1 2.02982 2.006(9) 
N1‒Ir1‒N2 76.61108 76.2(3) 
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Table 25. XYZ coordinates of the optimized geometry of [64]+. 
 Ir  0.00000000  0.00000000   0.00000000  C    -2.38962231    0.11133898   -1.62011905 
 Sb  0.00000000  0.00000000  7.08746649  C    -3.76874813    0.03271857   -1.92358118 
 C    -1.55675345    0.55050923   -3.90965137  H    -4.07432913    0.19983918   -2.78388674 
 H    -2.41483985    0.58526868   -4.27148953  C    -4.63618903   -0.30335602   -0.93580719 
 C  3.26637091  2.75993382  6.80656763  H    -5.54283644   -0.34410643   -1.13923209 
 H  4.13437788  2.68705653   6.48403682  C    -4.23792312   -0.57885654    0.34467511 
 C  1.74866056  3.92403277  8.05912776  H    -4.84284565   -0.82562146    1.00255578 
 H  1.50394212  4.69666189   8.50606061  C    -2.89961820   -0.45944393    0.60614352 
 C  3.03372753  3.77190555  7.38535408  H    -2.60254782   -0.61366217    1.47442482 
 H  3.65935132  4.46202036   7.40787660  C    -1.03681945    4.23996409    0.17776100 
 C  2.42176460  1.64576566  6.52771719  H    -1.19794256    4.91524917   -0.43918471 
 H  2.63701580  0.96135964   5.93720569  C    -1.24803908    4.48078905    1.46106755 
 C  0.90458550  2.76756198  7.95865394  H    -1.58796989    5.29958730    1.74705543 
 H  0.08943445  2.75306634   8.40303989  C    -0.94088641    3.46915137    2.37443296 
 C  1.29306563  1.70235320  7.21889553  H    -1.00097089    3.63136903    3.28957113 
 C    -0.59214220    3.03447854   -0.26693993  C    -0.54681053    2.22735353    1.91217377 
 H    -0.44669035    2.90871205   -1.17624915  C    -0.26674282    1.08379777    2.79502804 
 N    -2.00789926   -0.14563444   -0.32663124  C    -0.29914375    1.10494515    4.17076502 
 N    -0.35938055    2.00865873    0.60169434  H    -0.48979343    1.90202279    4.60906272 
 N    -0.08338761   -0.08432599    2.12555133  C    -0.05866506   -0.01332479    4.90784486 
 C  2.66454638 -1.21689780 -0.07840615  C     0.15330847   -1.18863445    4.24829876 
 C  4.01392322 -1.32359808 -0.03748139  H     0.30478260   -1.96916000    4.72601491 
 H  4.42141518 -2.14059362 -0.23110720  C     0.14711280   -1.21377925    2.82483687 
 C  4.77698051 -0.23498624  0.29301849  H     0.30357770   -2.01380009    2.37767456 
 H  5.70449812 -0.30119619   0.30674985  C    -1.31190655   -1.65557320    7.33334696 
 C  4.15238225  0.99766287  0.60681433  C    -2.48122609   -1.71112667    6.61047056 
 H  4.63648193  1.74611649   0.86404105  H    -2.67512007   -1.03144213    6.00550188 
 C  2.75456874  0.99628046  0.51255954  C    -3.38643265   -2.76917502    6.76430927 
 H  2.31737224  1.79713645   0.70260952  H    -4.18655079   -2.79478003    6.28965587 
 C  1.71374648 -2.28599117 -0.41497565  C    -0.95975719   -2.69368183    8.19156080 
 C  2.10489719 -3.58368649 -0.67535478  H    -0.14789166   -2.66822400    8.64330987 
 H  3.00733842 -3.81071463 -0.64822099  C    -3.03378848   -3.78824840    7.66637712 
 C  1.18577051 -4.54628241 -0.96958811  H    -3.61940441   -4.49413843    7.79518712 
 H  1.45763545 -5.41938727 -1.12580625  C    -1.82226288   -3.75720735    8.36967753 
 C    -0.12975633   -4.22054492   -1.04320425  H    -1.60255194   -4.45281998    8.94938742 
 H    -0.74877222   -4.87363499   -1.27211120  C     0.33845483   -1.93525454   -0.44291546 
 C    -0.56773687   -2.91761541   -0.77748936  N  2.03505297  0.00000000  0.18420496 
 H    -1.47472615   -2.71962607   -0.82109189  C     0.84137549    0.60840067   -4.20694936 
 C    -1.33334163    0.35112945   -2.53808396  H     1.57606189    0.67317709   -4.77103264 
 C    -0.40621315    0.70582971   -4.71005162  C     1.03189645    0.40997727   -2.83063729 
 H    -0.51012347    0.87977924   -5.61573836  H     1.90368108    0.37351935   -2.50600781 
 C     0.01308736    0.27274616   -1.95734133 
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Table 26. XYZ coordinates of the optimized geometry of 65-Cl. 
Ir    -2.737201    -0.103754    -0.040279  C    -4.178016  2.399672  -0.577737 
 N    -2.051849    -0.223925    -2.083674  C    -4.389170  3.774900 -0.746406 
Cl     4.355127     0.493340    -2.371685  H    -5.382124  4.129644 -0.984766 
 C    -2.865302    -0.264783    -3.172638  C    -3.337388  4.671234 -0.602915 
 H    -3.926957    -0.266395    -2.967701  H    -3.505398   5.733448 -0.731016 
Sb  4.504961  0.129115   0.146157  C    -2.061449  4.189091 -0.290282 
 N    -2.911201     1.941341    -0.271053  H    -1.218283     4.855305    -0.169109 
Cl   6.978290  0.431379  0.087192  C    -2.466768    -3.091616    -0.606768 
 C    -0.973879    -0.278908    -4.649841  H    -2.250305    -2.737845    -1.603396 
 H    -0.550469    -0.298629    -5.646146  C    -2.461566    -4.442433    -0.299026 
 C    -0.691777    -0.205125    -2.253705  H    -2.238939    -5.168200    -1.069216 
 C  0.114333 -0.150303 -1.022658  C    -2.741129    -4.834919  1.015400 
 C  5.790976 -2.443112 -1.097541  H    -2.741080    -5.883499  1.286063 
 H  6.504059 -1.733469  -1.495848  C    -3.013656    -3.865901  1.971656 
 C  5.907205 -3.806638 -1.384718  H    -3.227572    -4.148895  2.992646 
 H  6.712882 -4.151813  -2.022904  C    -3.010915    -2.506466  1.627686 
 C  4.997122 -4.720810 -0.847064  C    -3.269768    -1.391740  2.531508 
 H  5.095441 -5.777960  -1.067633  C    -3.560351    -1.548225  3.897642 
 C  3.967900 -4.272584 -0.016642  H    -3.609123    -2.536106  4.342805 
 H  3.268145 -4.979747   0.415503  C    -3.785336    -0.430512  4.692685 
 C  3.842794 -2.909098  0.271799  H    -4.007409    -0.548171  5.746350 
 H  3.053948 -2.568405   0.931197  C    -3.722595     0.847981  4.123068 
 C    -2.359980    -0.295387    -4.465360  H    -3.900023     1.720076  4.743370 
 H    -3.038686    -0.327798    -5.307116  C    -3.436671     1.010613  2.766419 
Cl     4.497674    -0.368891     2.598595  H    -3.401756     2.011495  2.352433 
 N    -0.593763    -0.106142     0.152334  C    -3.201444    -0.098921   1.934128 
 C    -0.137315    -0.232277    -3.539100  C    -1.884253     2.823434    -0.131990 
 H     0.936332    -0.212251    -3.662064  H    -0.920688     2.401621     0.110489 
 N    -2.735763    -2.137153     0.324863  C  4.300487  2.287863   0.524185 
 C  1.506678 -0.129688 -1.024321  C  3.870092  3.139661 -0.499250 
 H  2.055414 -0.135833  -1.956090  H  3.695268  2.745971 -1.491616 
 C  2.232488 -0.063791  0.174875  C  3.706626  4.505287 -0.242253 
 C  1.485268 -0.036332  1.365231  H  3.384228  5.164067 -1.041652 
 H  1.993817 -0.000121   2.320460  C  3.976148  5.020995  1.027003 
 C  0.093873 -0.059584  1.323105  H  3.857942  6.081467  1.220868 
 H    -0.506115    -0.039240     2.222840  C  4.753742 -2.000571    -0.273583
 C    -4.722508     0.028111    -0.441957  C  4.575224  2.800397  1.796913 
 C    -5.662391    -1.015280    -0.534721  H  4.909745  2.141830  2.586991 
 H    -5.351871    -2.035296    -0.339367  C  4.412863  4.167681  2.042752 
 C    -6.996340    -0.761253    -0.859887  H  4.634630  4.561887  3.028376 
 H    -7.701595    -1.583493    -0.920499  C    -6.534239  1.601881 -1.015998 
 C    -7.435931     0.546676    -1.102669  H    -6.879637  2.613234 -1.202002 
 H    -8.472933     0.736475    -1.352175  C    -5.190344  1.352934 -0.690304 
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Electrochemistry. Electrochemical experiments were performed with an 
electrochemical analyzer from CH Instruments (model 610A) with a glassy-carbon 
working electrode and a platinum auxiliary electrode. The reference electrode was built 
from a silver wire inserted into a small glass tube fitted with a porous Vycor frit at the 
tip and filled with a THF solution containing tetrabutylammonium hexafluorophosphate 
(TBAPF6, 0.1 M) and AgNO3 (0.005 M). All three electrodes were immersed in a 
deoxygenated DMF solution (5 mL) containing TBAPF6 (0.1 M) as a support electrolyte 
and platinum complexes ([64][PF6], 65-Cl and [(ppy)2Ir(bpy)][PF6] (0.001 M). 
Ferrocene was used as an internal standard, and all potentials are reported with respect to 
E1/2 of the Fc / Fc+ redox couple. 
Determination of quantum yield.199, 217 Quantum yields were determined 
relative to [(ppy)2Ir(bpy)][PF6] (ex = 400 nm) in acetonitrile as a standard (Φ=9.3%).214 
Absorbance measurements were recorded on a Shimadzu UV-2502PC UV-Vis 
spectrophotometer. Phosphoresence measurements were recorded on samples in capped 
quartz cuvettes in solutions purged with N2 using a PTI QuantaMaster 
spectrofluorometer with entrance and exit slit widths of 2 nm and an integration time of 
1 s. Phosphorescence quantum yields were calculated based on the gradients of 
integrated emission (IE) versus absorbance at ex (Abs) for a series of measurements on 
the sample or fluorescence standard, according to the following equation:  
𝛷௦௔௠௣௟௘ =  𝛷௦௧ௗ  ×
𝐼𝐸௦௔௠௣௟௘
𝐼𝐸௦௧ௗ
 ×  
𝐴𝑏𝑠௦௧ௗ
𝐴𝑏𝑠௦௔௠௣௟௘
 ×  ൬
𝜂௦௔௠௣௟௘
𝜂௦௧ௗ
൰
ଶ
=  𝛷௦௧ௗ  ×  
𝐺𝑟𝑎𝑑௦௔௠௣௟௘
𝐺𝑟𝑎𝑑௦௧ௗ
 ×  ൬
𝜂௦௔௠௣௟௘
𝜂௦௧ௗ
൰
ଶ
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where η was the same for [(ppy)2Ir(bpy)][PF6], [64][PF6] and 65-Cl since all the 
measurements are in the same solvent (acetonitrile). The data obtained at different 
concentrations is plotted in Figure 107. 
Figure 107. Plots of integrated emission (IE) vs. absorbance at ex for [64][PF6] (top), 
65-Cl (bottom) and [(ppy)2Ir(bpy)][PF6].
Synthesis of [64][PF6]. The ligand 54 (150 mg, 0.35 mmol) and [(ppy)2Ir(-Cl)]2 
(187 mg, 0.17 mmol) were combined in a methanol and dichloromethane mixture (1:1 
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v/v). The resulting suspension was stirred for 8 h under reflux. The solution was 
concentrated, and treated with KPF6 (200 mg, 1.1 mmol). The precipitate was isolated by 
filtration and washed with water (3 × 5 mL), Et2O (3 × 3 mL), and dried under vacuum 
to give a [64][PF6] as a yellow solid. Yield: 309 mg (83%). 1H NMR (499.42 MHz, 
(CD3CN) δ 8.59 (s, 1H), 8.27 (d, J = 8.1 Hz, 1H), 8.08 – 8.03 (m, 4H), 7.97 (d, J = 5.5 
Hz, 1H), 7.85 (t, J = 7.8 Hz, 2H), 7.82 – 7.76 (m, 3H), 7.61 (dd, J = 9.8, 5.8 Hz, 2H), 
7.54 – 7.46 (m, 4H), 7.45 – 7.37 (m, 6H), 7.09 – 6.99 (m, 5H), 6.94 – 6.86 (m, 2H), 6.28 
– 6.23 (m, 2H). 13C NMR (125.58 MHz, CD3CN) δ 168.32, 168.29, 156.66, 156.08,
155.41, 151.58, 151.45, 151.15, 150.16, 150.13, 150.04, 144.97, 144.94, 140.20, 139.47, 
139.45, 138.15, 137.25, 137.19, 135.89, 132.43, 132.42, 131.30, 131.26, 130.41, 130.40, 
130.31, 130.29, 129.24, 125.82, 125.77, 125.40, 124.44, 123.47, 123.44, 120.80. 
Elemental analysis (%) calculated for C44H33F6IrN4PSb: C, 49.08; H, 3.09. Found: C, 
49.18; H, 3.17. 
*
H2O
N
N
N
N
SbPh2
PF6-
Ir
Figure 108. 1H NMR spectrum of [64][PF6] in CD3CN. The CD3CN solvent peak has 
been marked by an asterisk (*). 
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Figure 109. 13C{1H} NMR spectrum of [64][PF6]in CD3CN. The CD3CN solvent peak 
has been marked by an asterisk (*). 
Synthesis of 65-Cl. Complex [64][PF6] (100 mg, 0.09 mmol) was dissolved in 
DMSO (5mL) and treated with PhICl2 (99 mg, 0.36 mmol) in DMSO (1 mL). The 
resulting yellow solution was stirred for 3 hour. The solution was extracted with pentane 
(3× 3 mL) to remove PhI.  Next the DMSO solution was treated with portions of diethyl 
ether (3 × 3 mL).  After each addition of diethyl ether, the top layer was removed and 
discarded, leading to an effective concentration of the bottom DMSO layer.  The 
resulting DMSO solution was treated with dichloromethane (1 mL) and diethyl ether (10 
mL) leading to the formation of an orange solid precipitate identified as 65-Cl. Yield: 69 
mg (74%). Single crystals of 65-Cl suitable for X-ray diffraction were obtained by 
diffusion of diethyl ether in to a solution of the compound in acetonitrile. 1H NMR 
(499.42 MHz, CD3CN) δ 9.20 (s, 1H), 8.60 (d, J = 8.2 Hz, 1H), 8.26 (d, J = 5.6 Hz, 1H), 
8.20 (m, 4H), 8.14 (m,2H), 8.08 (d, J = 8.3 Hz, 2H), 8.02 (d, J = 5.4 Hz, 1H), 7.90 (m, 
2H), 7.82 (d, J = 7.9 Hz, 2H), 7.70 (d, J = 5.7 Hz, 1H), 7.65 (m, 7H), 7.55 (dd, J = 7.5, 
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5.6 Hz, 1H), 7.06 (m, 4H), 6.93 (t, J = 7.4 Hz, 2H), 6.28 (dd, J = 12.3, 7.5 Hz, 2H).13C 
NMR (125.58 MHz, CD3CN) δ 168.26, 168.18, 157.12, 156.06, 151.83, 151.60, 150.89, 
150.71, 150.44, 150.41, 145.00, 144.90, 143.37, 140.45, 139.66, 139.60, 134.60, 133.88, 
133.04, 132.46, 132.36, 131.82, 131.37, 131.35, 130.65, 130.03, 129.82, 128.34, 126.12, 
125.86, 124.59, 124.51, 123.67, 123.63, 120.91, 120.88. Elemental analysis (%) 
calculated for C44H33Cl3IrN4Sb: C, 50.91; H, 3.20. Found: C, 50.66; H, 3.74. 
Figure 110. 1H NMR spectrum of 65-Cl in CD3CN. The CD3CN solvent peak has been 
marked by an asterisk (*). 
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Figure 111. 13C{1H} NMR spectrum of 65-Cl in CD3CN. The CD3CN solvent peak has 
been truncated and marked by an asterisk (*). 
Generation of [65][OTf]. To a suspension of 65-Cl (10 mg, 0.01 mmol) in 
CDCl3 (0.5 mL) was added solid AgOTf (2.6 mg, 0.01 mmol).  The yellow precipitate of 
2-Cl dissolved upon stirring while a AgCl precipitated as a white powder.  The resulting
yellow solution of [65][OTf] was analyzed by 1H NMR spectroscopy. 1H NMR (499.42 
MHz, CDCl3) δ 9.33 (s, 1H), 8.57 (d, J = 8.0 Hz, 1H), 8.28 (m, 3H), 8.14 (t, J = 7.9 Hz, 
1H), 8.11 (d, J = 5.6 Hz, 1H), 7.97 (d, J = 5.3 Hz, 1H), 7.92 (d, J = 8.3 Hz, 2H), 7.78 (t, 
J = 7.8 Hz, 2H), 7.69 (t, J = 8.3 Hz, 2H), 7.61 (m, 10H), 7.45 (m, 1H), 7.07 (m, 4H), 
6.93 (m, 2H), 6.29 (dd, J = 14.7, 7.6 Hz, 2H). 
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Figure 112. 1H NMR spectrum of 65-Cl and [65][OTf] in CDCl3. The CDCl3 solvent 
peak has been truncated and marked by an asterisk (*). 
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Figure 113. ESI unit mass spectrum of 65-Cl. 
Synthesis of [66][PF6]2. The ligand 54 (100 mg, 0.23 mmol) and (phen)2RuCl2 
(122 mg, 0.23 mmol) were combined in an ethanol and water mixture (1:1 v/v). The 
resulting suspension was stirred for 8 h under reflux. The solution was concentrated, and 
treated with KPF6 (200 mg, 1.1 mmol). The precipitate was isolated by filtration and 
washed with water (3 × 5 mL), Et2O (3 × 3 mL), and dried under vacuum to give a 
[66][PF6] as an orange solid. Yield: 182 mg (67%). 1H NMR (499.42 MHz, CD3CN) δ 
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8.61 (d, J = 1.1 Hz, 1H), 8.56 – 8.47 (m, 5H), 8.29 (d, J = 8.1 Hz, 1H), 8.15 – 7.98 (m, 
6H), 7.78 – 7.70 (m, 5H), 7.61 – 7.37 (m, 15H), 7.30 (d, J = 5.6 Hz, 1H). 
Figure 114. 1H NMR spectrum of [66][PF6]2 in CD3CN. The CD3CN solvent peak has 
been truncated and marked by an asterisk (*). 
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Figure 115. ESI unit mass spectrum of [66][PF6]2. 
Synthesis of [67][PF6]2 or[68][PF6]. Complex [66][PF6]2 (50 mg, 0.04 mmol) 
was dissolved in DMSO (3 mL) and treated with PhICl2 (47 mg, 0.17 mmol) in DMSO 
(1 mL). The resulting yellow solution was stirred for 3 hour. The solution was extracted 
with pentane (3× 3 mL) to remove PhI.  Next the DMSO solution was treated with 
portions of diethyl ether (3 × 3 mL).  After each addition of diethyl ether, the top layer 
was removed and discarded, leading to an effective concentration of the bottom DMSO 
layer.  The resulting DMSO solution was treated with dichloromethane (1 mL) and 
diethyl ether (10 mL) leading to the formation of an orange solid precipitate identified as 
[67][PF6]2 or [68][PF6]. Yield: 20 mg (44% or 48%).  1H NMR (499.42 MHz, CD3CN) δ 
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9.23 (s, 1H), 8.72 (d, J = 8.0 Hz, 2H), 8.66 – 8.57 (m, 4H), 8.36 – 8.22 (m, 4H), 8.16 (d, 
J = 7.9 Hz, 4H), 8.10 – 8.04 (m, 2H), 8.01 (d, J = 5.9 Hz, 1H), 7.92 (d, J = 5.2 Hz, 2H), 
7.86 (t, J = 8.0 Hz, 3H), 7.74 (d, J = 5.6 Hz, 1H), 7.63 - 7.53 (m, 6H), 7.35 (t, J = 6.9 Hz, 
2H), 7.02 (dd, J = 7.7, 5.9 Hz, 1H). 13C NMR (125.58 MHz, CD3CN) δ 157.70, 156.80, 
153.92, 153.05 (d, J = 8.3 Hz), 152.76, 152.61, 152.43, 152.24, 147.95, 147.78, 147.73, 
147.51, 147.39, 137.93, 137.17, 137.08, 136.96, 136.78, 133.58, 131.96, 131.48, 131.12, 
131.10, 131.05, 131.01, 130.92, 129.63, 129.56, 128.39, 128.12, 128.07, 127.82, 126.19, 
126.10, 126.00 (d, J = 1.8 Hz), 125.90, 124.65, 121.46. 
Figure 116. 1H NMR spectrum of [67][PF6]2 or [68][PF6] in CD3CN. The CD3CN 
solvent peak has been truncated and marked by an asterisk (*). 
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Figure 117. 13C{1H} NMR spectrum of [67][PF6]2 or [68][PF6] in CD3CN. The CD3CN 
solvent peak has been truncated and marked by an asterisk (*). 
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Figure 118. ESI unit mass spectrum of  [67][PF6] or [68][PF6]. 
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CHAPTER V 
SUMMARY 
This thesis has explored the synthesis and properties of antimony-based ligands 
with the view of exploiting the redox chemistry and variable coordination environment 
of antimony as a means to influence the properties of coordinated transition metals. Two 
main ligand architectures referred as A and B have been investigated (Figure 119). The 
first one features an antimony atom incorporated in a multidentate scaffold that contains 
ancillary phosphine arms. These phosphine arms are positioned to hold the coordinated 
transition metal atom in the immediate vicinity of the antimony atom. The second 
architecture investigated in this thesis is based on the popular 2,2'-bipyridine ligand with 
the antimony moiety installed on the outer rim of the chelating ligand. 
Figure 119. Two types of antimony-based ligands mentioned within. 
The two ligand types described above have been successfully coordinated to late 
transition metals including gold in the case of ligands of type A and platinum and 
iridium in the case of ligands of type B. The resulting complexes have been thoroughly 
characterized and also evaluated as catalysts for reactions that necessitate the activation 
of an alkenyl or an alkynyl substrate. 
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The use of ligands of type A has enabled the synthesis of gold complexes 
featuring a gold(I) center directly connected to an antimony(V) dication (Figure 120).  
This antimony dication acts as a powerful Z-type ligand which drains electron density 
from the gold(I) center via a direct Au→Sb interaction. The gold center sees its 
electrophilicity notably increased, a feature that is reflected in the ability of the gold 
center to activate styrene in both polymerization and hydroamination reactions. 
Figure 120. Influence of the ligand type A on the catalytic properties of gold complexes. 
Ligands of type B has been used to synthesize bipyridine platinum complexes 
featuring a peripheral antimony moiety (Figure 121b). Upon oxidation from III to V, the 
antimony substituent becomes more electron withdrawing, leading to a more 
electrophilic complex, as supported by an observed red shift of the MLCT bands, and an 
anodic shift of the bipyridine reduction potential. These changes are concomitant with a 
higher catalytic activity of the platinum center in the hydroarylation of ethyl propiolate 
by mesitylene. The same ligand forms cyclometalated iridium(III) bipyridine complexes. 
Upon oxidation and chloride binding to the antimony center, an anionic antimonate 
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substituent is generated. Tha antimonate group increases electron density of the iridium 
complex and facilitates the oxidation of the iridium center  
Figure 121. Influence of the ligand type B on the electronic and/or reactivity of platinum 
and iridium complexes. 
We demonstrate that the antimony-based ligands can be used to coordinate to 
transition metal centers in two different architectures. Both of them are able to function 
as a handle to modulate the electronic property and reactivity of the coordinated 
transition metal by oxidizing the antimony center and by altering its coordination 
environment. The dicationic antimony Z-type ligand (type A) and antimony(V) 
substituted bipyridine ligand (type B) can effectively enhance the electrophilicity and 
hence the catalytic activity of the transition metal center in these complexes.  
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APPENDIX 
CHAPTER II SUPPLEMENT 
A.1 Synthesis and characterization of cationic gold-germanium complex
To further understand the Z-type ligand effect by germanium center, we decided 
to work with Complex [69][Cl], which has been synthesized by Dr. Elham Tabei, 
presents some interesting opportunities for catalysis. To have a general picture about the 
catalytic activity of this complex, we chose the propargylic amide cyclization as our 
benchmark reaction catalyzed by 2 mol % [69][Cl] / 4 mol% AgSbF6 in 
dichloromethane. A quantitative yield of cyclized product was observed after 8 hours 
(Figure 122).  
Figure 122. Propargylic amide cyclization catalyzed by [69][Cl]/AgSbF6. 
Although complex [69][Cl] displayed catalytic activity in this reaction, the slow 
reaction rate spurred us to question whether the substitution of chloride by fluoride 
would make the complex more acidic and more catalytic active. The study of complex 
[20]+ has shown higher Lewis acidity after fluoride-chloride exchange at the antimony 
center.61 With a similar transformation in mind, we treated [69][Cl] with 2 equivalents of 
AgF in dichloromethane for 16 hours (Figure 123a).  31P NMR spectroscopy showed the 
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appearance of one new signal at 55.02 ppm. Single crystals were obtained by diffusion 
of diethyl ether into a solution of 70 in dichloromethane (Figure 123b). The asymmetric 
unit of the complex contains two independent molecules which display very similar 
geometries. The germanium center adopts a distorted trigonal bipyramidal geometry, in 
which the gold and one fluoride ligand are at the axial positions. The average of 
distances for the Au‒Ge and Ge‒F separations are of 2.878(2) Å and 1.80(1) Å, 
respectively. Another indicator of the geometry is the sum of C‒Ge‒C and F2‒Ge‒C 
angles, which is 358.9(6) °, close to ideal value of 360°. The bond distance between the 
germanium and the fluoride at the equatorial is 1.754(9)Å in average, which is shorter 
than Ge‒F1, likely due to Au→Ge donation. The P‒Au‒P angle is 161.8(1) °, showing 
that the gold adopts a distorted square planar with a chloride attached to the gold center 
trans to the germanium center. The square planar geometry suggests strong donation 
from the d orbital of the gold center to the germanium atom, resulting in an electronic 
configuration close to a classical d8 metal center. 
Figure 123. (a) Synthesis of complex 70. (b) Solid-state structure of 70. Thermal 
ellipsoids are drawn at the 50% probability level. The phenyl groups are drawn in 
wireframe, the hydrogen atoms, interstitial solvent molecules and counteranions are 
omitted for clarity. 
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With the aim of isolating the active gold complex, we treated complex 70 with 
AgSbF6 in dichloromethane for chloride abstraction, which lead to the clean formation 
of the corresponding cationic complex [71]+ with a hexafluoroantimonate as an anion. 
(Figure 124). The 31P NMR spectrum of [71][SbF6] shows a signal at 48.38 ppm. The 
19F NMR spectrum displays two broad signals at -118.6 and -132.6 ppm and we assign 
the former one corresponding to germanium-bound fluoride ligands, and the latter one 
corresponding to the SbF6- anion.  
Figure 124. (a) Synthesis of complex [71][SbF6]. (b) Solid-state structure of [71][SbF6]. 
Thermal ellipsoids are drawn at the 50% probability level. The phenyl groups are drawn 
in wireframe, and the hydrogen atoms are omitted for clarity. 
A crystal of [71][SbF6] suitable for X-ray diffraction was obtained by diffusion 
of diethyl ether into a solution of [71][SbF6] in dichloromethane. The germanium center 
adopts a distorted trigonal bipyramidal geometry, indicated by the fact that sum of C‒
Ge‒C and F2‒Ge‒C angles is equal to 352.5(2) °. The Ge‒Au bond distance is 
3.0617(7)Å, which is longer than that in complex 70. A similar phenomenon was 
observed upon the formation of complex [20]+ via chloride abstraction. It is suggested 
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that the removal of the chloride from the gold center reduce the metallobasicity, causing 
a weaker Au→Ge donation. The weaker donation from gold to germanium also affect 
the length of Ge‒F bond lengths, which both become shorter in complex [71]+ (Ge‒F1 = 
1.739(4); Ge‒F2 = 1.727(4)Å ) than those in complex 70. Long interaction between 
complex [71]+ and the SbF6- anion was observed. The bond distance between Au and 
F11 is 3.030(5)Å, which suggest the strong Lewis acidity of the gold center. 
We also make an interesting observation when [69][Cl] was treated with AgSbF6 
(Figure 125). The first and second equivalents of AgSbF6 both lead to the clean 
formation of a new species, whose 31P resonances are at 68.65 ppm and 69.16 ppm, 
respectively. The third equivalent of AgSbF6 lead to a new signal emerging at 48.38 ppm 
and 7 equivalents of AgSbF6 is necessary to complete the transformation. The resulting 
complex was crystalized by the diffusion of diethyl ether into a solution of 
dichloromethane. Surprisingly, the structure of the resulting complex was that of 
[71][SbF6], indicating halide exchange between the germanium center and the SbF6- 
anion. 
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Figure 125. Synthesis of [71][SbF6] from [69][Cl]. 
A.2 Experimental Section
Synthesis of 70 To a stirred solution of [69][Cl] (50 mg, 0.056 mmol) in CH2Cl2 
(5 mL) was added solid AgF (15 mg, 0.12 mmol). After the resulting mixture was stirred 
for 12 h, the solution was filtered and the solvent was evaporated under vacuum. 
Recrystallization of the residue from CH2Cl2/diethyl ether yielded a colorless solid of 70 
(30 mg, 62%). Single crystals of 70 suitable for X-ray diffraction were obtained by 
diethyl ether slowly diffusion into a CH2Cl2 solution at room temperature. 31P{1H} NMR 
(202.16 MHz; CD2Cl2):  55.02. 
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Figure 126. 31P{1H} NMR spectrum of 70 in CD2Cl2. 
Synthesis of [71][SbF6] Method a: To a stirred solution of 70 (30 mg, 0.035 
mmol) in CH2Cl2 (5 mL) was added solid AgSbF6 (12 mg, 0.035 mmol). After the 
resulting mixture was stirred for 10 minutes, the solution was filtered and the solvent 
was evaporated under vacuum. Recrystallization of the residue from CH2Cl2/diethyl 
ether yielded a colorless solid of [71][SbF6] (28 mg, 75%). Method b: To a stirred 
solution of [69][Cl] (50 mg, 0.056 mmol) in CH2Cl2 (5 mL) was added solid AgSbF6 
(135 mg, 0.40 mmol). After the resulting mixture was stirred for 1 h, the solution was 
filtered and the solvent was evaporated under vacuum. Recrystallization of the residue 
from CH2Cl2/diethyl ether yielded a colorless solid of [71][SbF6]. (41 mg, 68%). Single 
crystals of [71][SbF6] suitable for X-ray diffraction were obtained by slow diffusion of 
diethyl ether into a CH2Cl2 solution at room temperature. 31P{1H} NMR (202.16 MHz; 
CD2Cl2): 48.38. 19F{1H} NMR (469.89 MHz; CD2Cl2):  -118.6 (br), -132.6 (br). 
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Figure 127. 31P{1H} NMR spectrum of [71][SbF6] in CD2Cl2. 
Figure 128. 19F{1H} NMR spectrum of [71][SbF6] in CD2Cl2. 
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Figure 129. ESI unit mass spectrum of [71][SbF6]. 
